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Abstract 

Novel processes probing the decay of nucleus after removal of a nucleon 
with momentum larger than Fermi momentum by hard probes finally proved 
unambiguously the evidence for long sought presence of short-range correla- 
tions (SRCs) in nuclei. In combination with the analysis of large Q 2 , A(e,e')X 
processes at x > 1 they allow us to conclude that (i) practically all nucleons 
with momenta > 300 MeV/c belong to SRCs, consisting mostly of two nucle- 
ons, ii) probability of such SRCs in medium and heavy nuclei is ~ 25%, iii) a 
fast removal of such nucleon practically always leads to emission of correlated 
nucleon with approximately opposite momentum, iv) proton removal from two- 
nucleon SRCs in 90% of cases is accompanied by a removal of a neutron and 
only in 10% by a removal of another proton. We explain that observed abso- 
lute probabilities and the isospin structure of two nucleon SRCs confirm the 
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important role that tensor forces play in internucleon interactions. We find 
also that the presence of SRCs requires modifications of the Landau Fermi liq- 
uid approach to highly asymmetric nuclear matter and leads to a significantly 
faster cooling of cold neutron stars with neutrino cooling operational even for 
N p /N n < 0.1. The effect is even stronger for the hyperon stars. Theoretical 
challenges raised by the discovered dominance of nucleon degrees of freedom 
in SRCs and important role of the spontaneously broken chiral symmetry in 
quantum chromodynamics (QCD) in resolving them are considered. We also 
outline directions for future theoretical and experimental studies of the physics 
relevant for SRCs. 

1 Introduction 

1.1 Definition of short range correlations and key questions 
in their studies 

It was understood many decades ago that stability of heavy nuclei and saturation 
of the nuclear density requires interplay between nucleon-nucleon attraction at in- 
termediate distances < 1.5 fm and significantly stronger repulsion which sets in at 
distances < 0.5 fm. A strong compensation between attractive and repulsive po- 
tentials leads to the binding energy per nucleon which is much smaller than both 
average kinetic and potential energies (see e.g. Ref. [1]). 

Presence of the strong short range repulsion and intermediate range attraction 
between nearby nucleons generates nucleons with momenta substantially larger than 
Fermi momentum characteristic for the given nucleus. Therefore the first implication 
of the presence of short-range interaction in nuclei is the presence of high momentum 
component in the nuclear ground state wave function in momentum space. 

Since the main contribution to the high momentum component comes from spa- 
tial configurations where distances between two nucleons are significantly smaller 
than the average internucleon distances it is natural to refer to all these config- 
urations as short-range correlations (SRCs). Often in the literature one separates 
these correlations into medium and short -distance correlations. We will not follow 
this tradition since such correlations are manifested in a similar way in the high 
momentum component of the nuclear wave function. Presence of high momentum 
component in the nuclear ground state wave function has been demonstrated in theo- 
retical calculations of wave functions of light nuclei and infinite nuclear matter based 
on the nonrelativistic nuclear theory (see e.g. Refs. [2] and [3]). In these and similar 
calculations SRCs play an important role in the microscopic structure of nuclei with 
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more than 50% of kinetic energy originating from SRCq Understanding the dynam- 
ics relevant to SRC is important also for building a realistic equation of state for 
dense nuclear matter such as neutron stars where typical internucleon distances in 
the core are close to those encountered in SRCs ~ 0.5 — 1.5 fm. 

In this respect the key questions in studying the dynamics of SRC's are 

• How large are the probabilities of SRCs in nuclei ? 

• What is the isotopic structure of SRCs? 

• Are there significant three nucleon SRCs? 

• How significant are non-nucleonic degrees of freedom in the SRC? 

• What is kinematical range of applicability of the concept of SRC in QCD? 

• What is the impact of SRCs on the dynamics of compact stars: neutron stars, 
hyperon stars etc? 

1.2 SRC observables and strategy of their studies 

Identifying the processes in which one can unambiguously probe SRCs including their 
microscopic properties is one of the goals of the present review. Nucleon momentum 
distributions in nuclei as well as nuclear spectral and decay functions represent the 
set of observables which elucidate the different aspects of the dynamics of SRCs, in 
particular: (i) the nature of SRCs as high density fluctuations of nuclear matter, 
(ii) dynamical correlation between initial momentum of struck nucleon and energy 
of residual nuclear system associated with a removal of a nucleon from two and three 
nucleon SRCs in the nucleus, and (iii) the isospin content of SRCs. These questions 
are discussed in details in Sec. 2. 

First we discuss the conditions under which it is possible to probe SRCs by 
suppressing contributions associated with long range (low momentum) processes in 
nuclei. 

For many years SRCs were considered as an important but elusive feature of 
the nuclear structure. Referring to SRCs as elusive was due to lack of low energy 
processes which are dominated by the high momentum component of nuclear wave 

In a number of approaches such as Landau-Migdal Fermi liquid approach, mean field shell 
models and effective chiral theory approach, which aimed at describing low energy effects in nuclei 
the SRC are hidden in the parameters of the effective potential describing quasiparticlcs, with very 
little energy carried by nucleons with momenta above the Fermi momentum. 
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function^} It was shown in Refs. [3] and [B] that the fundamental problem was the 
use of the processes with energy-momentum scales comparable to that of the SRCs 
and that situation should drastically improve for high energy processes in which one 
can select kinematics corresponding to an energy and momentum transfer scale much 
larger than the scale characteristic for SRCs: 



This condition is well satisfied in high energy projectile-nucleus quasielastic and 
inelastic interactions. As a result, generic lepton/hadron- nucleus processes could 
be treated as instantaneous as compared to the nucleon motion within SRC [5] — [7]. 
In such processes energy and momentum transfered to one of the nucleons in SRC 
significantly exceed relevant energies and momenta in SRC, leading to an effective 
release of nucleon spectators from the SRC. Formally this process is described by 
the decay function of the nucleus which will be defined below. Processes associated 
with a release of spectators produce significant correlation properties of the nuclear 
decay function, which can be used for identification of SRCs. 

Possibility of instantaneous removal of nucleon from nucleus in high energy pro- 
cesses greatly simplifies identification of the observables that are sensitive to the high 
momentum component of nuclear ground state wave function. Therefore unambigu- 
ous identification of short range nucleon correlations in a nucleus requires an effective 
use of the resolution power of high momentum transfer processes. 

The theoretical challenge of using high energy and momentum transfer reactions 
is that projectile and some of the final state particles move with relativistic velocities 
making it impossible to apply directly non-relativistic approaches for description of 
the nuclear wave functions as well as the scattering process itself. High energy 
projectile moving along the z-direction probes the light-cone (LC) slice of nuclear 
wave function near the hyperplane t — z = const (FigJT]) - the LC wave function of 
the nucleus: V-aO^Ii ki tt , ...ai, k itt , ...a^, kA,t), where 



2 It was argued in Ref. jl] that high momentum component of nuclear wave function could 
not be observed even in principle due to inability to separate the influence of measuring process 
from the measured quantity. The argument was based on implicit assumption of the proximity 
of scales characterizing measuring process and structure of SRCs. Such arguments were valid for 
intermediate energy processes in which cases energy and momentum scales characteristic for the 
measuring process and for the SRCs are comparable. 



<?0 > Vnn 



q\ > 2k F . 



(1) 




(2) 
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are the light-cone fractions (scaled by A) of the nucleus momentum carried by con- 

A 

stituent nucleons (J2 a i — A). Here, (E i7 p iz ) and (Ea,Paz) are the energy and 

i=l 

longitudinal momentum of constituent nucleons and target nucleus respectively. Due 
to the invariance of on with respect to the Lorentz boosts in z direction, in the nu- 
cleus rest frame a< = A ( g '^' z ), where E i} and p^ z now are the lab energy and z 
component of bound nucleon in the nucleus with mass Ma- 




Figure 1: Fast projectile interacting with nucleus selects a light-cone slice of the wave 
function. 

The important feature of nuclear light cone wave function is that there exists a 
simple connection between LC and nonrelativistic wave functions of a nucleus: 

ip nr {ki, hi, ■ ■■k A ) = 

(m N )~^ipLc [ oti = 1 + — , h it , .., oti = 1 + — , k ijt , ..,a A = l+ k A ,t] , 
y ttin tun ttin J 

(3) 

at ki itln for i = 1,...,A. Therefore the knowledge of the nuclear LC wave 
function allows us to study the rest frame nonrelativistic nuclear wave function as 
well. However for large nucleon momenta in the nucleus the correspondence between 
nonrelativistic and light cone wave functions becomes more complex especially for 
the case of SRC of more than two nucleons. 
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1.3 Short survey of recent progress in SRC studies 

For a long time the only class of high energy processes which was systematically 
studied experimentally and which appeared to be dominated by a projectile scatter- 
ing off the SRC was production of fast backward nucleons and pions from nuclei in 
reactions (see Ref. [U] and references therein): 

y(v, 7T,p) + A — ► fast backward p (tt) + X. (4) 

It was demonstrated back in 1977 [S] that the data for the reaction Q for 7 + 12 C 
scattering at high energies (E 7 > 2 GeV) can be described as due to the decay 
of SRC after the inelastic interaction of photon with one of the nucleons of two- 
nucleon SRC. The wave function of the SRC was found to be proportional to the 
deuteron wave function for 300 < k < 800 MeV/c with a proportionality coefficient 
a 2( 12 C) = 4 5. The similarity of emission spectra for interaction of different 
projectiles with lightest ( 2 H, 4 He) and heavy (Pb) nuclei in kinematics in which 
scattering off the low momentum nucleons could not contribute, as well as several 
other regularities have been naturally explained based on the few-nucleon correlation 
model [6] . However these inclusive processes did not allow to reconstruct a complete 
final state of the reaction and therefore to perform quantitative investigation of 
the SRC structure of nuclei. Rather direct confirmation of the significant role of 
SRC has been obtained in the processes of neutrino (antineutrino) scattering off 
nuclei in the observation of correlation between momenta of backward nucleon and 
forward muon [8j [9] which was predicted in Ref. [5j. There was also an evidence 
for universality of SRCs coming from the comparison JTUJ (TTJ of A(e, e')X cross 
sections for different nuclei at x > 1 and Q 2 > 1 GeV 2 measured in several different 
experiments performed in the 1980's. 

A new qualitative and quantitative progress in determination of the structure 
of SRC have been achieved recently on the basis of two new theoretical ideas: (i) 
that the presence of two energy-momentum scales: high energy scale for the probe 
and lower energy scale for nuclear phenomena, justifies the application of the clo- 
sure approximation. For A(e, e')X reaction at x > 1 and Q 2 > 1.5 GeV 2 closure 
application can be applied up to the final state interaction effects within SRC which 
are practically independent of A. The latter observation leads to the scaling of the 
ratios of cross sections of different nuclei (see Sec. 3); (ii) observation that hard ex- 
clusive processes, in which a nucleon from SRC is removed instantaneously, probe 
a new observable: the nuclear decay function D^(ki, k 2 , Er) [5J El QUI EE2], which 
represents a probability of emission from the nucleus of a nucleon with momentum 
ki after the removal of a fast nucleon with momentum k\ and leading to a residual 
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nuclear state with recoil energy E R (see Sec. 2 for details). Although in general D A is 
a very complicated function of its variables, in the case of the removal of a nucleon 
from two-nucleon SRC its form is rather simple: the second nucleon of the SRC is 
released with momentum ki ~ — k\. In this case emission of nucleons with k% which 
are spatially far from the SRC from which the nucleon with k\ is removed does not 
contribute to Da- Decay functions can be evaluated based on nuclear models which 
include SRCs in a rather wide kinematical region. 

For more than a decade there were practically no new experimental data in this 
field. In the last three years a qualitative progress was reached as the new A(e, e')X 
experiments have been performed at Jefferson Lab|13| [H] while studies of processes 
sensitive to the properties of the decay function in kinematics dominated by SRC 
were performed first at BNL[J5] — [T7] and then at JLab [T5| [T9]. 

Combined analysis of these data indicates that a) probability of short range cor- 
relations in carbon is ~ 20%, b) these correlations are predominantly consist of two 
nucleons, c) probability for two protons to belong to a SRC as compared to that 
of a proton and neutron is very small ~ 1/20. These observations are in line with 
the concept of tensor forces dominating at intermediate to short distances in / = 0, 
and S = 1 channels of NN interaction (see e.g. discussion in Refs. [20] [27]. All 
these observations together demonstrate strong potential of high energy processes 
for addressing long standing issues of the short-range nuclear structure. 

In this review we outline theoretical expectations of realistic nuclear models that 
describe SRCs, summarize new information about properties of SRCs obtained re- 
cently in high energy processes, discuss compatibility of the ideas of nuclear theory 
with basics of QCD, outline implications of the discovery of SRCs for the theory of 
neutron stars and outline directions for the future studies both in theory and in high 
energy nuclear experiments. In particular we emphasize studies of isotopic structure 
of SRCs relevant to the study of internucleon forces in the region of the nuclear core, 
three-nucleon correlations, A-isobar admixture, isospin effects etc. 

2 The status of high momentum component of nu- 
clear wave function in nonrelativistic theory 

In this section we discuss the manifestations of the high momentum component of 
nuclear wave function in the properties of nucleon momentum distribution, n(k), 
spectral function, S(k,E) as well as decay function D(k\, k%, E r ) (to be defined be- 
low). In particular, we will demonstrate how one can identify the signatures of two- 
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and three- nucleoli SRCs in these quantities. We will also discuss nuclear reactions 
in which the above functions can be measured. Our consideration in this section is 
restricted to the nonrelativistic theory, though a number of arguments indicate that 
many SRC related properties we discuss will reveal themselves in a similar way in 
the relativistic theory. 



2.1 Momentum Distribution 

The nucleon momentum distribution n A (k) is given by the modulus square of the 
ground state nuclear wave function integrated over all nucleon momenta except one, 

n(k) = J2 1 1> 2 A (ki, fc 2 , h ...k A )5\k - k { )6 3 ct k j) f[ d " k i- ( 5 ) 
i=\ J j=i 1=1 

Properties of n(k) at high momentum, k ^> kp errni follow directly from the 
Schrodinger equation in the momentum space. In general for given two-nucleon 
interaction potential, V, the ground state wave function, ip A satisfies the equation: 



(Eb-^- J2 t^a = J2 Jv(k-k^ A (k,K,...k j ,...k A y 

+ J2 V(k i -kMk,K,...k jl ...,k A ) J -%, (6) 

i=2,... A ( 2n ) 

where Eb is nuclear binding energy and Tj are kinetic energies of nucleon-spectators 
and V(k) = f V(r)e~ l( - kr ^d 3 r is the NN potential in the momentum space. 



2.1.1 Theorem on high momentum tail of nuclear ground state wave 
function 



Based on Eq.(|6j) it can be proven that if the potential decreases at large k, like 
V(k) ~ ^ and n > 1 then the k dependence of the wave function for k 2 /2m N ^> 
is calculable in terms of the potential V as follows: 

Vm ~ (7) 

where f(k^, ...k A ) is a smooth function of spectator nucleon's momenta with k2 ~ —k. 
To prove the theorem it is sufficient to show that all higher order iterations will 
decrease faster with k and therefore preserve the form of Eq.Q. In the case of 
nucleon-nucleon potentials which contain both repulsive core and medium range 
attraction the accuracy of this equation maybe worse, however numerical studies 
described below are consistent with Eq.(j7|). 
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2.1.2 Nuclear wave function and short range correlations 



In nonrelativistic nuclear theory interaction potential is constructed as a sum of 
potentials involving two, three, and higher number of nucleons. All realistic NN 
potentials deduced from fitting the NN scattering phase shifts at large k have the 
property that the potential of two-nucleon interaction, V^at, decreases significantly 
slower with an increase of k than triple and higher order nucleon potentials. (Such 
a behavior arises naturally if many body interaction results from the iteration of 
two- nucleon interactions). As a result, at large k limit the contribution of the pair 
nucleon potential Vjvat(^) in which two nucleons have large relative momentum k 
will dominate. This will justify the use of Eq.Q for calculation of asymptotic form 
of the ground state nuclear wave function at large k. Consequently, using Eq.(|5]) one 
arrives at the asymptotic form of momentum distribution function: 



The above relation can be improved by taking into account the center of mass motion 
of the NN pair. However the latter effect decreases with increase of k. 

The direct consequence of Eq.Q is the dominance of two nucleons SRCs in 
the high momentum part of n^k). This results in the similarity of the shapes of 
riA(k) for different nuclei at k > 300 MeV/c. This similarity is clearly seen in Fig|2] 
where momentum distributions for 2 H, 3 He, 4 He as well as 16 from Ref. [24J are 
compared. 

The ratios of nucleon momentum distributions are given in Figj3] and Fig|4j It 
is spectacular that while the absolute magnitude of momentum distributions drop 
by three orders of magnitude in 0.3 < k < 1 GeV/c range, the ratios ~ for a given 
nucleus does not change significantly. It appears, that the non-uniformity of ^ ratios 
in Figjl] is related to the difference between NN potentials for spin and 1 states 
and to the center of mass motion of NN pair in nucleus A. This can be seen in Figj4j 
where the ratios J1A - and show significantly weaker momentum dependence at 



k > 400 MeV/c. 

Other calculations of nuclear momentum distribution, n(k), within nonrelativistic 
nuclear theory with realistic NN potentials are also consistent with the dominance 
of two-nucleon correlations for momenta above 300 MeV/c. Moreover numerical 
studies [221 [2H I2S] confirm that the dominant contribution in the momentum range 
350 < k < 700MeV/c is due to the tensor forces which dominate in NN channel with 
isospin and spin 1. Independent evidence for the dominance of pn correlations 
comes from the study of two nucleon momentum distributions in nuclei [231 127] . 




(8) 
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Figure 2: Comparison of the momentum distributions calculated for different nuclei 
in Ref.24. 

Note that quantity often used for the analysis of data is the partially integrated 
momentum distribution: 

n(k z ) = [ n(k)d 2 k ± . (9) 



One can see from Figs,3|4 that the scaling is even more pronounced for these quan- 
tities. 

It is worth mentioning that although n^(fc) is the simplest function which can 
be constructed from the ground state nuclear wave function, it cannot be observed 
directly in any processes. The spectral function is the simplest quantity which is 
related to the cross sections of physical processes namely to A(e, e'N)X and A(e, e')X 
processed At the same time as we will see below the A(e, e')X cross section at large 
Q 2 is expressed through the light-cone nuclear density matrix which illustrates the 
nontrivial relation between light-cone and nonrelativistic quantities. 

2.2 Spectral Function 

The asymptotic behavior of n^(k) for k — > oo, according to Eq.(j8]), contributes only 
to the range of a < 2 for the light-cone nucleon density Pa(oc, k t ). This result follows 

3 In principle, one could infer n^(k) from the sum rule rij\(k) = J dEjiS(k, Er). 
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Figure 3: Curves describe momentum dependence of the ratio, nA ff . Points represent 
calculated k z dependence of the ratio nA £ z \ ■ 

from the account of the energy-momentum conservation for the whole process which 
is contained in the spectral function. 

Reaching the region of a > 2 is possible only if at least three nucleons are 
involved in the process. This does not necessarily require specific three body forces - 
an iteration of two nucleon interactions is in principle sufficient. However in a wide 
range of the nucleon momenta, k above the Fermi momentum and for recoil nuclear 
energies close to the two nucleon SRC approximation with the motion of NN 
pair in the mean field of nucleus taken into account provides a good approximation 
for both nonrelativistic and light-cone description of nuclei. This approximation is 
effective in the calculation of the nuclear spectral function: 

S A ( Pi ,E R ) = \{<f> A . x \S{H A - X -E m )a(k)\^ A }\ 2 , (10) 

which represents a product of the probability of finding a nucleon in the nucleus with 
initial momentum pi, and the probability that after instantaneous removal of this 
nucleon the residual system will have recoil energy Er. Note that in the traditional 
definition one separates the recoil energy Er into the sum of two terms - E m , the 
excitation energy of the A — 1 system in its center of mass, and the kinetic energy 

2 

of the center of mass itself - 2n Q - . Although such definition is very convenient for 
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Figure 4: Curves correspond to the momentum dependence of ratio, " A ^K and 
nA ^ k ) . Points are the calculated k z dependence of the ratio nA ,?\ ■ and nA ( k *\ . 



the case of nucleon removal from nuclear shells, it gives a less transparent pattern 
of properties of the spectral function in the case of removal of nucleons from SRCs. 
Indeed, removal of the nucleon from say a two nucleon SRC leads to nearly universal 
Er distribution for the spectral functions for different nuclei, while i? m -distributions 
strongly depend on A especially for light nuclei. 

Within the plane wave impulse approximation the spectral function defined above 
is related to the differential cross section of A(e, e'N)X reaction as follows: 

— — r^— —— = 3 —(T eN ■ S(pi,E R ). (11) 

Here ]n is the flux calculated for moving bound nucleon with momentum pi, and 
a e N represents the cross section of electron- "bound-nucleon" scattering. In the limit 
of Q 2 > 1 GeV 2 S> p 2 the above form of factorization can be used also for more 
realistic case in which final state interactions (FSI) are taken into account. However 
in this case the spectral function is modified to S DWI (pf, Pi, E R ) which now contains 
the factors that account for FSI as well as modification of the flux factor in the 
rescattering part of the spectral function. This approximation is usually referred to 
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as distorted wave impulse approximation]^] 

In the case of spectral function SRCs manifest themselves clearly in the properties 
of the recoil nuclear system when a fast nucleon is removed from the nucleus. In this 
case the second nucleon is effectively removed from the nucleus as the potential 
between this and the struck nucleon is destroyed instantaneously. This mechanism 
of breaking of correlations we will refer hereafter as type 2N-I SRC mechanism of 
breaking SRC (Fig. [5^,). Since momenta of the nucleons in NN correlation in average 
are equal and opposite, one finds for the average recoil energy of the residual system 

ms 

< B « >= 4/ < 12) 

as the A — 2 system is essentially not perturbed during removal of the nucleon from 



2N SRC. Eq.(12) agrees well with numerical studies of spectral functions for A = 3 
and infinite matter [28J. Moreover the distribution over En calculated in Refs. [29J- 
[31] is well described by the model which takes into account the motion of the NN 
pair in the mean field [28] [32] (see Fig|6]). 

In many cases spectral functions are modeled based on type 2N-I SRCs modified 
only by taking into account the mean field momentum distribution of the center of 
mass motion of SRC in the nucleus (see e.g. Refs. PHI[2E1[32J) . Such approximations 
describe well the existing data and agree reasonably well with numerical calculations 
based on two-nucleon potentials only (see e.g. Ref. [31]). Note however, that these 
calculations did not include contribution of three particle three hole excitations so 
a good agreement of the models of Ref. [28] and [31] may reflect deficiency of both 
models. 

If the nucleon with small momentum is removed, the residual system is predomi- 
nantly in one of the lowest A — 1 nucleon states. The contribution of SRCs into large 
recoil energy range is strongly suppressed in this compared to the expectation 

based on the total probabilities of SRCs. In the simplest case of A = 3 system to ob- 
serve suppression of the large recoil energies for the case of removal of a nucleon with 
momentum p n ~ (Fig{5] b) one needs to take into account the difference between 
"off-energy shell" and "on-energy-shell" t-matrices of NN scattering. For further 
discussion see Sec. 2. 3. 



Note that mere observation of the correlation given by Eq.(12) in A(e, e'N)X 



reactions will not allow conclude unambiguously that the spectral function, S(pi, E R ) 



is sensitive to the SRC. In general, Eq.(12) is satisfied for any reaction dominated by 



4 It is possible also to perform unfactorized calculation of FSI in which case the interpretation of 
the scattering cross section through the spectral function is not possible. However at the kinematics 
in which FSI is a correction, effects due to unfactorization are insignificant. 
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Figure 5: Interaction of virtual photon with three nucleon system in configurations 
in which two of the nucleons are in SRC. 



two — nucleon processes with two nucleons not necessarily belonging to a SRC (for 
example contribution due to meson exchange currents). However, if an additional 
kinematic conditions such as Eq.Q are satisfied allowing to suppress long range 



two-nucleon processes, one could use the relation Eq.(12) to check the dominance of 
the SRCs. 

In this respect it is worth mentioning the recent measurement (33] of three-body 
break up reaction of 3 He in kinematics satisfying condition of Eq.Q. These experi- 



ment observed clear correlation consistent with Eq.(12) (Fig|7j) 

The comparison of calculations based on DWIA[36, 37J with the data[33j demon- 
strates that a substantial contribution from final state reinteraction not only pre- 
serves the pattern of the correlation of Eq.(12) but also reinforces it (Fig {7]). This 
indicates a rather new phenomenon, that in high energy kinematics sensitive to SRC, 
FSI is dominated by single rescattering of struck nucleon with a spectator nucleon 
in SRC. As a result this rescattering does not destroy the correlation property of the 
spectral function. 

Three nucleon (3N) SRCs also contribute to the spectral function. In FigjS] we 
consider two scenarios for 3N SRCs that can be evolved from 2N correlations with 
an increase of the cm. momentum of 2N-SRCs. The one, which we refer to as 
type 3N-I SRC, (Fig|8k) corresponds to the situation in which initial momentum 
of struck nucleon (typically pi > 600 MeV/c) is shared by two spectator nucleons 
with invariant mass close to 2mj\|^} Such configurations at Pi > 600 MeV/c should 
dominate for average recoil energy of Er ~ pl/Am^ in the spectral function [TOf 137]. 
which for the case of A = 3 corresponds to a rather constant value of missing energy 
E m ~ I^aI + ^2N- Here and e 2 N represent nuclear binding and 2N excitation 



5 In reality integral over the recoil momentum should give slightly larger 2N recoil mass, 77123 > 
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Figure 6: Comparison of the two nucleoli correlation model for the spectral function 
with direct calculations of A=3, and nuclear matter spectral functions. 

energies. Thus effects of type 3N-I SRCs should be manifested in the strength of the 
spectral function at pi > 600 MeV/c and recoil energies which (similar to the 2N 
SRCs) have universal, A-independent values: 

< E R >~ (13) 
4m N 



It follows from Eq. ( 13 ) that the value of < Er > in this case is approximately equal 



to one half of the recoil energy that characterizes type 2N-I correlations (Eq.(12)). 
These configurations give dominant contribution to A(e, e')X cross section at 2 < 
x < 3 and at large Q 2 . 

Another type of 3N SRCs (Figj^) (referred as type 3N-II SRCs) can originate 
from 2N SRCs in situations in which the center of mass momentum of NN correlation 
becomes comparable with relative momentum of nucleons in the NN correlation 
with momenta of all three nucleons considerably exceeding Fermi momentum. This 
corresponds to an average recoil energy: 

2 

< E R >~ (14) 
m N 
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Figure 7: The dependence of the differential cross section on the missing energy, for 
3 He three-body break up reactions at different values of initial nucleon momenta. 
Dotted, dashed and solid curves corresponds to PWIA, PWIA + single rescattering 
and PWIA + single + double rescatterings. Data are from Ref.33. Arrows define 
the correlation according to Eq.(12). Similar description of the data is achieved in 
Refs.34 and 35. 



which are roughly twice as large as recoil energies characteristic to type 2N-I SRCs 
(Eq.(12)). Type 3N-II SRCs in general are more rare than type 3N-I SRCs, since 
they correspond to much larger recoil energy of residual nucleus, though it may be 
easier to observe them experimentally (See Sec. 8. 4). 

As it follows from Eqs.( i~3fl4 ) 3N SRCs generate correlations between pi and 
Er, below and above the average recoil energy values characteristic to type 2N- 
I SRCs (Eq.(12). However since the correlation observed for type 2N-I SRCs in 
Eq.(12) has rather broad Er distribution it fully overlaps with Pi — < Er > 
correlations followed from Eqs.( T3~fi~4 ) up to rather large nucleon momenta. This 
situation indicates the limited capability of the spectral function to reveal details of 
three nucleon SRCs. One needs to study decay products of the residual nucleus to 
observe such configurations. 

Thus we conclude, that even though 2N and 3N SRCs lead to a distinctive struc- 
ture in the recoil energy distribution of the spectral function, the dominance of type 
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Figure 8: Two different scenarios of probing NNN correlations. 



2N-I correlations overshadows the Pi— < Er > correlation expected from 3N SRCs. 
The latter means that Pi and Er variables are not enough to isolate 2N and 3N SRCs. 
However the important observation is that all correlation relations of Eqs. ( fl2"|l3|14| ) 
have a local character and at large pi they should be manifested through the ap- 
proximate universality of the spectral function distributions over Er for different 
nuclei. 

It is worth noting that situation is different for the relativistic case for which use 
of the light-cone momentum fraction oti (Eq.(|2])) allows to separate 2N and 3N SRCs. 
Indeed choosing on > 2, (see Ref. [10J) will significantly enhance the contribution of 
3N SRCs in the spectral function. 



2.3 Decay Function 

Going one step further beyond the spectral function one can ask a question how the 
recoil energy Er is shared between the decay products of the residual nucleus. One 
can introduce the nonrelativistic decay function of the nucleus as follows [TU] 

D A (h,k 2 ,E R ) = |(0 yl _ 1 a t (A; 2 )|5(if yi _ 1 -(^-T A _ 1 ))a(A; 1 )|^)| 2 , (15) 

which is the probability that after a nucleon with momentum k\ is instantaneously 
removed from the nucleus the residual A-l nucleon system will have excitation energy 
E m = Er — Ta-i and contain a nucleon with momentum k 2 . This function can be 
extracted from the differential cross section of double-coincidence experiments in 
which knocked-out fast nucleon (with momentum pf) is detected in coincidence with 
a slow nucleon (with momentum p r ) which is produced in the recoil kinematics. 
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In this case within PWIA differential cross section is expressed through the decay 
function as follows: 



da 



dE' e dVt' e , d 3 pjd 3 p r 



3a 



a e , N (p f ,pi,Q 2 ) ■ D A (pi,p r ,E r 



Comparing Eq.(ll) and (16) one observes that: 



S T A (pi,E R ) = J D A (p i ,p T ,E R )d 3 p r 



(16) 



(17) 



where S r A represents the part of the complete spectral function of Eq. ( 10 ) correspond- 
ing to the case of the break-up of A — 1 residual nucleus with at least one nucleon 
in the continuum state. 



Eq.(15) represents the lowest order nuclear decay function in which only one 
recoiling nucleon with large momentum is detected from the residual nucleus. In 
principle one can consider decay function containing more than one fast nucleons at 
recoil kinematics. This will require an introduction of additional factor in the r.h.s. of 



Eq.(15) due to presence of several nucleons in the recoil system. Note that in analogy 
with spectral function, the decay function defined above can be generalized to D T £ JVlA 
for the case distorted wave impulse approximation in which final state interactions are 
taken into account and factorization of nucleon electromagnetic current is justified. 

To investigate the basic features of the decay function related to the SRC prop- 
erties of nuclear ground state wave function, we analyze D A (pi,p r , Er) function in 
the impulse approximation limit in which we neglect the final state interaction of 
the struck nucleon with spectator nucleons in the reaction. In this case the decay 
function can be represented as follows: 



D A (pi,p r ,E„ 



2s A + 



1 r^" 1 

— T E E / II d3 Pi ■ 6 ( E R ~ T r~ e a-2 - \e A \ ~ T A . 2 ) 



SA,Sf,s rA -2 i=3 



J d 3 p r ,A-2^(p r , A _ 2 )(p3, -,PA) ■ ^ A (Pi,Pr,P3, -,Pa) 



(18) 



where ^ PrtA -2 represents the wave function of recoil nucleon and spectator (A-2) 
system and p T ^ A -\ is the relative momentum of the recoil nucleon with respect to 
the cm. of the (A-2) system. The sum accounts for the different configurations 

A-2 

of the (A-2) system. Within impulse approximation, the angular dependence of the 
decay function is defined by the relative angle between pi and p r . 
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It follows from Eq.(18), that in order to a residual nucleus to decay into the state 



that contains a fast nucleon with momentum p r , it should have a sufficient recoil 

2 

energy E R > + je^l- This energy should be transfered to the residual nucleus 
during the process of removal of the struck nucleon to compensate the binding energy 
of the struck nucleon with other nucleons SRCs provide an effective mechanism 
of such energy transfer before the removal of struck nucleon. In this case an average 

2 

energy transferred to residual (A-l) system is ~ ^7 + \ €a \- 

The above discussed dynamics creates an additional suppression factor for kine- 
matic situation in which recoil fast nucleons are produced in the situation in which 
the initial momentum of struck nucleon p^ rs (see also discussion in Sec. 7.4 of 
Ref. [6j). Note that within the generalized eikonal model of D^ WIA , the recoil en- 
ergy of the residual system is provided by the final state interaction of struck nucleon 
with nucleons of the residual system [36| [37] . 

Similar suppression exists for A > 4 nuclei for the kinematics in which a removal 
of a fast nucleon from one SRC is accompanied by an emission of a fast nucleon from 
another SRC separated by distances exceeding average internucleon distances in the 
nucleus (> 1.5/m). Such decay is additionally suppressed by the short-range nature 
of NN interaction. 

In Refs. [23] and [2Zj the nuclear double momentum distribution was considered. 
In the kinematics in which momentum of a proton k\ ^> kp this quantity shows 
strong correlation with presence of a neutron with momentum ki = —k\ reflecting 
presence of SRC and dominance of pn correlations. Contribution of uncorrelated 
(A-2) nucleons in this kinematics is small since the factor (A-2) in the normalization 
of the double momentum distribution does not compensate (if A is not very large) 
the small probability of 2N SRC per nucleon. However away from this kinematics 
uncorrelated contribution which is enhanced by a factor (A-2) becomes increasingly 
more important and difference from the decay function in which only correlated pairs 
contribute becomes large. As a result, it is difficult to use the double momentum 
distribution to calculate effects of cm. motion of 2N SRC in the mean field of nucleus 
and dependence of the pp/pn ratio on this motion. 

In following, we focus on kinematics, in which the removed nucleon momentum 
is large and therefore the above discussed suppression does not arise in the decay of 
the residual nucleus containing at least one fast nucleon. 

Overall, one expects decay function to exhibit much stronger sensitivity to the 
SRC structure of nucleus than the spectral function. For example, for situation 
of Figj5k, because of interaction within SRC is local as compared to the average 



3 Final state interaction of the struck nucleon which is not contained in the definition of the 



decay function in Eq.(18) can transfer this energy only after the removal of the struck nucleon. 
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Figure 9: Dependence of decay function on the relative angle of initial and recoil 
nucleon momenta for different values of cuts imposed on initial nucleon momenta. 

scale of internucleon distances it is natural to expect that after one nucleon of 2N 
SRC is removed the second one will be produced on the mass shell with momentum 
approximately equal and opposite to the one it had in the correlation: p r rs —p^ 
Such correlations are clearly seen in Fig J9] where the dependence of the decay function 
strength is given as a function of the relative angle of initial and recoil nucleons for 
different values of cuts imposed on initial nucleon momentum^] 

Such pattern resulting from the breaking of SRC by instantaneous removal of 
one of the correlated nucleons by energetic projectile was suggested in Ref. [3] as 
a spectator mechanism for production of nucleons in the reaction of Eq.Q. This 
pattern was experimentally confirmed in high momentum transfer triple coincidence 
A(p, 2pN)X experiment [T5| [T6] in which clear correlation between p, and p r was 
observed. 

Already this example demonstrates that moving from spectral to decay function 

7 If SRCs are located at the center of the nucleus the escaping nucleon may rescatter in the 
nuclear medium leading to distortions of the spectrum which in kinematics of Eq.([l]) can be taken 
into account in eikonal approximation (see e.g. Ref. [36j). 
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Figure 10: Dependence of the decay function on residual nuclei energy, E R and 
relative angle of struck proton and recoil nucleon, O r . Figure (a) neutron is recoiling 
against proton, (b) proton is recoiling against proton. Initial momentum of struck 
nucleon as well as recoil nucleon momenta is restricted to Pi,p r > 400 MeV/c. 



provides an additional tool for probing SRCs, such as correlation between initial and 
recoil nucleon momenta. 

Another advantage of the decay function is the possibility to isolate three-nucleon 
SRCs and to probe their dynamics. Fig, 10 shows the dependence of the decay func- 
tion on the angle between initial, pi, and recoil, p r nucleon momenta, and the recoil 
energy, Er for Pi,p r > 400 MeV/c. This figure shows kinematical domains where it 
is possible to separate 2N and 3N correlations by varying energy of the recoil system. 
In the calculation presented above the minimal recoil energy for type 2N-I SRCs 

(Fig.5i) will be ~ « 80 MeV, while for type 3N-I SRCs (Fig, 8) the minimum 

of recoil energies is twice as large. The upper left side of the figure demonstrates 
how type 2N-I SRCs evolve to a type 3N-I SRC with the third nucleon also recoil- 
ing against the removed nucleon. One can also see from the figure that with an 
increase of recoil energy type 3N-II correlations start to dominate. The important 
signature in this case is the relative angle of recoil nucleon emission being close to 
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120° which is characteristic for type 3N-II SRCs. The lower right part of the figure 
shows also different realization of 3N-I SRCs in which both struck and recoiled nu- 
cleons share/balance the momentum of the third nucleon which has roughly twice 
the momentum of pi or p r . 
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Figure 11: Recoil energy dependence of the ratio of the decay functions when a 
proton in 3 He is struck and the proton on one case and the neutron in other is 
produced in the decay. Both initial momenta of struck and recoil nucleons are set to 
be larger than 400 MeV/c. Also, the relative angle between initial and recoil nucleon 
momenta is restricted to 180 > 9 r > 170°. 



Figs. 10 1 andflOp present the decay functions for proton removal with production 
of either proton or neutron in the decay. Comparison of these two cases shows (see 
upper left part of the graph) that in type 2N-I SRCs the strength of pn correlation 
is larger than the strength of pp correlation by factor of ten. This feature reflects 
the dominance of tensor interaction in S — 1, T — channel of NN interaction 
at short distances and was confirmed experimentally, both for hadron- and electron- 
induced triple coincidence reactions on carbon [T71 HE]- Interesting consequence of the 
onset of 3N SRCs is that these two rates become practically equal once recoil energy 
increases. More detailed view of relative strengths of pp and pn decay functions is 



given in Fig. 11 The increase of the ratio of pp to pn strengths with an increase 



of the recoil energy represents an unambiguous indication of the dominance of type 
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3N-I SRC effects. 

As we mentioned before, the notion of the decay function can be extended to 
the situations in which more than two nucleons are detected in the products of the 
decay of the residual nucleus. One such extension is the study of two recoil nucleons 
without detecting the struck nucleon. In this situation nucleons with approximately 
equal momenta will be emitted predominantly at large relative angles to minimize 
the momentum of the struck nucleon. 

Concluding this chapter we would like to emphasize that experimental possibility 
of measuring nuclear decay function in high momentum transfer triple coincidence 
A(e, e'Nf, N r )X or A(h, h'Nf, N r )X reactions opens up completely new perspectives 
in studying the dynamics of 2N and 3N SRCs. 

3 Scaling of the ratios of cross sections of A(e, e')X 
reactions at x > 1. 

3.1 Introduction 

Here we consider A(e, e')X reactions at kinematics: 

O 2 

x = A— — >1, and 4 > Q 2 > 1.5 GeV 2 , (19) 
2m A q 

which have been measured recently at JLab[13l [TJ]. They complement and improve 
the previous measurements which were performed at SLAC in the 80's (see Ref. [11] 
and references therein). 

Before presenting a more formal discussion we review an intuitive picture of the 
reaction. It follows essentially from the definition of x that its magnitude cannot 
be larger than the number of nucleons in a given nuclei. This can be seen from the 
definition of the produced mass in the reaction 

W 2 = Q 2 (-1 + + m 2 T > m 2 T} (20) 

xrriN 

which leads to x < mT/m^. In the impulse approximation the process is described 
as an absorption of the virtual photon by a nucleon which had a momentum opposite 
to the direction of virtual photon momentum. 

The kinematics of the process resembles that of the deep inelastic scattering 
off massive partons, and therefore in the limit of large Q 2 we expect that x = 
cti, where a, is the light-cone momentum fraction of the nucleus carried by the 
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X 



Figure 12: The x Dependence of \p m in\ f° r different values of Q 2 , with recoil energy 
given by the two nucleon approximation. 



initial nucleon (defined in Eq.Q) which is struck by virtual photon in quasielastic 
scattering. Therefore the relation x = oti indicates that for x > j at least j-nucleons 
should be involved in the process. Note here that inequality x < j for the scattering 
off nucleus consisting of j nucleons is valid for all Q 2 . To see how the relation x = on 
emerges in the discussed process and to estimate the deviation from this relation 
for finite Q 2 , it is convenient to introduce four-momentum of the struck nucleon 
Pi = Pa — Pr where p A and p\ are four-momenta of target and residual nuclei, 
and m 2 = Pi^pf. In the impulse approximation the requirement that the produced 
nucleon is on-mass-shell leads to the relation 

(q + Pa-Pr) 2 = m 2 N . (21) 



Using Eq.(21) and definition of x one finds 



a 

1 + 



x = _ g^go ^ (22) 



<?0+<33 



where q% = |q|. It follows from Eq.(22) that in the limit q 3> Pi, with x being kept 
constant, x = «j + 0{1/ Q 2 ). 
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One can see from Fig, 12 that for discussed Q 2 the minimum momentum of the 
struck nucleon calculated in impulse approximation, (with recoil energy estimated 
based on type 2N-I SRC picture of high momentum component of nuclear wave 
function) increases with x > 1 and becomes significantly larger than kp ~ 250 MeV/c 
for x =1.5 at Q 2 > 1.5 GeV 2 . Therefore with the gradual increase of x virtual photon 
should first probe the most abundant high momentum configuration which is 2N 
SRC and then with an increase of x above two, only high momentum nucleons whose 
removal is associated with a recoil energy smaller than the characteristic recoil energy 



for the interaction with two nucleon correlation (Eq.(12)). This can be achieved if 
struck nucleon momentum is balanced by momenta of two nucleons that exceed kp. 
This picture corresponds to the type 3N-I SRCs (see Fig, 8] and discussion in Sec. 2. 2) 
with average recoil energy defined according to Eq.(13r Hence we expect that the 
natural mechanism of quasielastic processes at large Q 2 > 1 GeV 2 and x > 1 is the 
scattering off 2, 3,.. nucleon SRCs which have universal (A-independent ) properties. 

Since the nucleus is a dilute system, in kinematics in which for example the 
scattering off j x iV SRC is possible, the scattering off (j + 1) x N SRC should be a 
small correction. Therefore for two and three nucleon correlation kinematics, for Q 2 
range where quasielastic scattering gives dominant contribution to the cross section)^] 
we expect [6j [TO] inclusive cross section ratios to scale as follows: 



2 a(eA^e'X) 



Aa(e 2 H -> e'X) 



a 2 (A), and 



a(eA e'X) 



2>z>1.5 



A a(e 11 A = 3" e'X) 



a 3 {A), 



3>x>2 



(23) 

where it is assumed that the ratios are corrected for difference of the electron-proton 
and electron-neutron cross sections. 

The most recent data from Jefferson Lab [2] which confirm the prediction of 



Eq.(23) are shown in Fig, 13 



The quantities, (12(A) and 0,3 (A) represent the excess of per nucleon probabilities 
of finding 2N and 3N SRCs in nucleus, as compared to the deuteron and A=3 nucleus 
respectively. The fact that SRCs represent high density fluctuation of the nuclear 
matter and constitute only a small part of nuclear wave function allows us to calculate 
the A dependence of a 2 and a 3 through the nuclear matter density function evaluated 
within mean-field approximation. Indeed, the fluctuation character of SRCs allows 



8 Note that for intermediate values of Q 2 ~ 2 — 3 GeV 2 and x < 2.5 the average value of oti for 
the struck nucleon could still be less than two. 

9 For Q 2 > 6 GeV 2 contribution from inelastic scattering becomes significant leading to an 
increase of the typical momenta of nucleons which dominate at given x. This leads to an increase 
of the ratios with an increase of Q 2 [TT] . 
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Figure 13: The x dependence of the ratios of inclusive cross sections. Dashed curves 
indicate the scaling expectations from 2N- and 3N- SRCs. 

us to justify the estimate [6]: 

a 3 oc / p A (rYd 3 r « / pX mf (l + jPM^\ rfV. (24 ) 

J J \ PA,mf J 

Above we expressed the nuclear matter density function (p A (r)) through the sum of 
mean field {p A , m f) and SRC {pa,sro) density functions (p A = p A , mf + p A ,snc)- Using 
the fact that for nuclei with A > 12 the contribution to the normalization due to 
SRCs is much smaller then unity (/ p A ,sRc( r )d 3 r <C 1), for not very large j < i 



the second term of the integrand in right hand part of Eq.(24) can be neglected. As 
a result one can estimate the A dependence of a,j using mean-field nuclear density 
function, p > m f(r). Fig, 14 compares the prediction of Eq.(24), using the Skyrme- 



Hartree-Fock model[3H] for p Ajm f(r), with the experimental data of c^fA) [T4"t 
and qq (A) [13"] . It is interesting that above estimates of ci2 work even for lightest 



10 Note that in Ref. [IT] the values of 02(^4) were extracted from the data assuming similar 
momentum dependences for pn, nn and pp momentum distributions in SRC region. Since recent 
studies [TTJ [TH] demonstrated that pp and nn SRCs are significantly suppressed as compared to that 
of pn 7 the estimates of 02 in Ref. should be reevaluated for nuclei with large excess of neutrons, 



such as 197 Au. Thus we do not include in Fig 14 the values of 02 (197) estimated in Ref. [11 



26 



nucleus such as 3 He. However in the A He case the estimate clearly fails for 03 since 
one cannot use the mean field approximation for estimating correlation of three out 
of four nucleons. 




Figure 14: The A dependence of a 2 and o 3 calculated based on Eq.(24) and compared 
with the data from Refs.11,13,14. Both calculations and data are normalized to the 
corresponding values of 02(C) and 03(c). 



It is worth mentioning that A dependence of 02(A) obtained above is significantly 
slower than the A-dependence one would infer from the experimentally measured 
number of quasideuteron pairs in the nucleus, ^p, as it is determined from nuclear 
photoabsorption reaction at E y ~ lOOMeV. Here L is the Levinger factor. Also, the 
absolute value of 02(C) which follows from the value of Levinger factor for Carbon 
is by factor of two smaller than the one which follows from high energy data. 

The extracted values of 02(A) allow us to estimate the absolute magnitude of 
high momentum component of nuclear wave function using information about the 
high momentum component of the deuteron wave function. For realistic deuteron 
wave functions the probability per nucleon to have momentum above 300 MeV/c is 
about 4-r 5%. Hence the above estimates of 02(A) corresponds to the probability to 
find a nucleon with momentum k > 300 MeV/c, say in the iron, of ~ 20 4- 25%. 
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3.2 Space-time structure of high Q 2 and x > 1 quasielastic 
scattering 

For a more formal analysis of the process it is convenient to start with consideration 
of the expression for the cross section as a Fourier transform of the commutator of 
electromagnetic currents J M between wave functions of the nucleus in its rest frame: 

2m A q 3 a^ = J e**>(A | [J M (y), J A (0)] | A)e^e^d\ (25) 

where = \JQ 2 + Q 4 /4m 2 x 2 , and is the polarization vector of the virtual photon. 
Strong oscillations in the exponential lead to the condition that in the discussed 
kinematic range 

y + ~ — < lfm, y_ ~ — < 0.2 fm, (26) 

q- ' q+ 

where we introduced the LC variables y± = y ± y z . Also it follows from causality 
(i.e. from condition that commutator of electromagnetic currents is for space-like 
intervals) that y 2 < 1/Q 2 - To reach this we use an approximation in which nucleons 
are point-like and nucleon structure is accounted for in terms of form factors. Account 
of meson currents leads to a nonlocality of electromagnetic current at Q 2 = and 
restricts the size of the probed region to the radius of a nucleon. Challenging question 
is how this nonlocality depends on Q 2 . The analysis of quark models of a nucleon 
shows that a selection of Q 2 ~ few GeV 2 squeezes an effective size of the nucleon 
[39] . It is quite difficult to observe this phenomenon directly because of an expansion 
of small size configurations [30] after it was produced in a hard subprocess. 



3.3 SRCs and Final State Interaction 

From the general considerations of Sec. 3. 2 one observes that the interaction between 
the knock out nucleon and residual system which may contribute to the total cross 



section in the kinematics of Eq.(19) is dominated by distances less than about 1 fm 



which corresponds to the interaction within the SRC and therefore it is canceled in 



the ratios like Eq.(23) 



This conclusion can be reinforced by considering the rescattering diagram (Fig. 15 ) 
and treating it as a Feynman diagram. In this case one can calculate the virtuality 
of struck nucleon at the intermediate state (before the FSI blob). We find [UJ that 
if the momentum of struck nucleon p x is significantly different from the momentum, 
Pi = Pf ~ <fj corresponding to the initial momentum in impulse approximation, then 
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l A-l * A -1 

Figure 15: General diagram representing final state interaction. 



the virtuality of struck nucleon becomes large. Indeed on can estimate the virtuality 
of struck nucleon as follows: 



AM 



m 



(pi + qf ~ rn 2 + Q 2 (l 



m 2 



x 



(27) 



where rh 



T-,2 



pi 



(pa — p'a-i) 2 an d p'a-i ls the four momentum of the recoil nucleus 



Pi 







m 



^2 



at the intermediate state (see Fig. 15). For small momenta of the initial nucleon, 



m 



0) the virtuality grows linearly with Q 2 at fixed 1. It grows 



also with x moving away from x = 1. Thus for kinematics of Eq. ( 19 ) the rescattering 



amplitudes of Fig. 15 for a struck nucleon with small initial momenta are suppressed 
due to large virtuality of the struck nucleon in the intermediate state. For example, 
for x = 1.5 and Q 2 = 2 GeV 2 virtuality is ~ 1 GeV 2 . 

To understand what physical phenomena cause this suppression, it is convenient 



to represent the FSI amplitude of Fig. 15 within noncovariant theory in which time- 
ordering is explicitly present which allows to consider space-time evolution of the 
In this case the FSI amplitude can be represented as follows: 



proces! 



ii 



A 



FSI,fi 



(eA — eX) ~ f <Ppiil>A(pi)J£ n (pi, q) A F ■ t N (jn + q, Pf ), (28) 



AE + ie 



where Jjf m is the electromagnetic current, t N represents the rescattering amplitude 
of struck nucleon and AE is the energy difference between intermediate and initial 
states: 

(29) 



Vi- 



ae = -q - M A + ^m 2 + (q + Pl ) 2 + 
11 Note that relativistic effects in this case can be included within light-cone non-covariant theory. 
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Within this representation we can estimate the characteristic distances that struck 
nucleon propagates as: 

r « ^, (30) 

where v is the velocity of the struck nucleon in the intermediate state. Averaging 
momentum p\ over the pi < Pf region and using realistic nucleon momentum dis- 
tribution one obtains the characteristic length, for x > 1 kinematics in which struck 
nucleon with small initial momentum propagates before it rescatters with nucleons 
from the residual nucleus. For 27 Al target the Q 2 dependence of r for different values 



of x are presented in Fig, 16 




Figure 16: Characteristic distance from 7*iV interaction point which struck nucleon 
(having pi < pFermi) can propagate before reinteraction that contributes to the total 
cross section of 7* A scattering. 



This estimate demonstrates that FSI in kinematics of Eq.(19) overwhelmingly 
takes place at distances which are within SRC. Additionally, since the rescattering 
amplitude, ijv for pi ~ is highly off-energy shell (this is equivalent to large virtu- 
ally of interacting nucleon in the covariant formalism) it is strongly suppressed as 
compared to the on-shell amplitude. 
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3.4 FSI in SRC and Generalized Eikonal Approximation 

The distances relevant for FSI can be investigated in more detail by considering FSI 
in the eikonal approximation [321 E31 SSI SSI [3^1 SZl SH] - 



We now introduce an additional restriction to the kinematics of Eq.(19) to ensure 



that the momentum of knocked-out nucleon, as it emerges from SRC, is large enough 
(j>f > 500 MeV/c) relative to all nucleons, including those in the SRC, so that the 
eikonal approximation can be applied for evaluation of final state reinteraction 
Hence we require that 



12 



w 



NN 



2m 



N 



Um 2 N 



x] 



X 



- 2m N > 60 MeV. 



(31) 



It is worth noting that to satisfy unitarity one should include both elastic and 
inelastic rescattering of knocked-out nucleon with spectator nucleons in the nucleus. 
This is technically very difficult to realize within eikonal approximation at finite 
energies (see e.g. Ref. [41J) 13 However the unitarity condition will be automatically 
fulfilled if we calculate the inclusive A(e,e')X cross section through the imaginary 
part of the amplitude of virtual Compton scattering off the nuclei at forward direction 
as in FigfT7| 




Figure 17: Imaginary part of forward Compton scattering amplitude defines the 
nuclear structure function of inclusive A(e, e')X scattering. 

In this case the nuclear matrix of inclusive scattering can be expressed through 
the forward Compton scattering amplitude as follows: 



12 For simplicity we discuss here x < 2 kinematics where scattering off two nucleon correlation 
dominates, though our consideration can be easily extended to the case of scattering off N > 2 
SRC's. 

1 If one would try to apply the Glauber theory for description of the cross section of inclusive 
processes by including only elastic reinteractions, the unitarity would be violated resulting in a 
strong overestimate of the role of the FSI. 
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W?(C?,x) = ^frnA^*^ = P A ). (32) 

Let us now estimate the imaginary part of the forward Compton scattering ampli- 
tude within virtual nucleon approximation, in which the electromagnetic interaction 
takes place off the virtual nucleon and the motion of which is described by nonrela- 
tivistic nuclear wave function. 

Impulse approximation: We first evaluate the impulse approximation part of the 
forward compton scattering amplitude at high Q 2 and x > 1. One can calculate 
contribution of the diagram of Fig. 17 1 by applying effective Feynman diagrammatic 
rules for high energy electro-nuclear reactions (see e.g. Ref. [43J) and then perform- 
ing nonrelativistic reduction procedure, to relate (nucleus, A) — > (A x nucleons) 
transition to the nonrelativistic nuclear wave function. We obtain: 

XmAt A ^ A (P' A = P A ) = -AY J Tm £ / ^ A ( Pl , Sl] p 2 ; p A ) x 

Em si,s' v Sf 

J eN(Pfi s fiPli s l)^ 1 2 T ■ J en(Pf' S f'P^ S 'l)^ a{P1, s'iJPzJ -]Pa) X 

Pf m N ~i~ ^ e 

d 3 ^f[d 3 Pj 5 3 (j2p t ), (33) 

j=2 \i=l ) 

where accounts for the sum and integration over the excitation energy of recoil 
nuclear system. 

To see how the process at high Q 2 and x > 1 evolves in the space and time we 
transform Eq.(33) to the coordinate representation. To simplify following discussions 
we consider the kinematic limit: 

2 

go > E m , x > -^V, (34) 

in which case 

p 2 f - m 2 N + ie = (pi + q) 2 - m 2 N + ie = 2q(p iz - p lz + ie), (35) 

where 

2q {m N - E R ) - Q 2 

Piz = Q , 36 

2q 

and Er represents the total kinetic energy of the recoil system as it was defined in 
Sec.2. 
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Using 



lr A 
$> A { Pl ,p 2 ,....,p A ) = ——377 / ^A(ri,r 2 ,....,r A )l[e iPiri d 3 n5 3 C£ r i ~ t a), (37) 



((27T) 

and 

-i / 6(z )e i(p!2 - piz) ^o, (38) 



1 



Pi* - Viz + it 



we can rewrite Eq.(33) in the coordinate space representation as: 



XmA^ A ^ A {P' A - P A ) = ± E £ J» N {Q 2 )r eN {Q 2 ) x 

" -Em spins 

X) / *Ii(6i,2i;r2;...;rA)e(2 1 -2i)e <p *'^-^* A (6 1 ,4;r 2 ;...;r A ) x 

dsidz^&i Y[ d 3 rj . (39) 
i=2 

The above expression allows a rather transparent interpretation of the space-time 
evolution of the inclusive process. First, the G function enforces the condition that 
in longitudinal direction absorption of virtual photon happens before its emission. 
Secondly, one can see that at large Pi Z , the longitudinal distance which knocked-out 
nucleon propagates is proportional to ~ — . Thus one observes that starting at 

PizQ 

Viz > 300 MeV/c the struck nucleon propagates the distances of < 1 Fm. This 
estimate is in accordance with that of Sec J3.2[ 

Final State Interactions: We now discuss the diagrams of FigjTTjD representing 
final state interactions. In the Wnn ^ limit the imaginary part of the sum 
of all rescattering diagrams in Fig|T7p cancels out due the the closure condition 



for the intermediate states. However it follows from Eq.(31) that for x > 1 the 
mass of the produced two nucleon system, Wnn, is close to Im^ and condition for 
application of closure is not satisfied. Thus in this situation the explicit evaluation 
of the rescattering part of the Compton scattering amplitude is required. 

We evaluate rescattering diagrams within the Generalized Eikonal approxima- 
tion (GEA) jlH H31 H5] which uses the set of effective Feynman diagram rules to 
calculate a given n* h -order rescattering of the struck-nucleon off the spectator nucle- 
ons in nuclei. 

Within GEA nuclear Compton scattering amplitude corresponding to the n-fold 
rescattering of energetic knocked-out nucleon off the spectator nucleons can be ex- 
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pressed as follows: 



imAt A -<* A {P' A = p A ) = A-imY J £ £ / *1(pi; pi; ••; w+n-u -pa) 

£ m spins perm J 



4jv(P/»S/»Pi»5i) tt Z( s j)fNN(pij-pi d -i) d 3 Plj 
2q(Piz -pi z + A + ie) f} x 2(p iz - pfj + Aj + it) (2ir] 



3 
.4 



J L(Pf,n^f,Pi, n ,Si )n )^ A (p hn ; ...;p[; ...;p' l+n _ 1 ; ..p A )d 3 p 1 JJ d 3 p k 8 3 £p* ,(40) 

k=l \i=l ) 



where A ~ Aj w ^£ m , = - (pij -pij-i) and f = ^^^^ , where Sj is 
the cm. invariant energy square of two nucleons for the j th rescattering. 

We transform the above equation to coordinate representation estimating all 
propagators at their pole values. Again considering the kinematical limit of Eq.(34) 
and using coordinate representations of Eqs.( 37p8 ), after several straightforward 
steps we arrive at: 

TmA^*\p' A - p\ n) = ^ £ £ JUQ 2 )J v eN {Q 2 ) £ x 

" E m spins l 1 -/zl 2 ...-/ : l n =2 
„ n 

J ^ A (h, zi) r 2] ••; r h ;..;n n ; ..; r A ) J| Q{z 1 - z k )lmV NN {bi - b h )G(z h - z[) 

i=l 

A 

e m*(zi-*i)V A ( blj 4 ; r 2 , ..; r h - ..; n„; ..; r A )dz x dz' x £b x [] (41) 

i=2 

where 

ZmIW(&) = -i | J m ^ 7V (fc J .)e- ik ^ b 0^. (42) 



Eq.(41) shows clearly how the scattering develops in the coordinate space. First 
of all the reinteractions take place over the longitudinal distances confined between 
the points of absorption [z\) and emission (z[) of the virtual photon, this is enforced 
by the product of two functions: Q(zi — zij)Q(zi t i — z[). Secondly, due to the 
exponential factor e mz( - Zl ~ Zl \ the overall longitudinal distance is limited by the lon- 
gitudinal momentum probed in the reaction - in the same way as it was for the case 
of impulse approximation. That is z\ — z\ ~ • — • . 

Viz, 

According to this result starting at \pi Z \ > 300 MeV/c the rescatterings will be 
confined at longitudinal distances of 1 Fm. In such case the first rescattering will take 
place predominantly with a nucleon in SRC. Contributions from double and higher 
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order rescatterings become numerically negligible since it is rather improbable to find 
two and more nucleons at longitudinal distances < 1 Fm from the struck nucleon. 
The latter observation reinforces the expectation that the higher order rescatterings 
play negligible role in Eq.(23) as soon as eikonal regime is established for final state 
reinteraction processes at x > 1 inclusive kinematics. 

Large value of FSI and the violation of Eq.(23) were suggested in Ref. in 
which dominant FSI effects have been generated at x > 1 due to electron scattering 
off almost stationary nucleon within a nucleus. However within eikonal approxima- 
tion such rescattering corresponds to the non-pole contribution in the rescattering 
amplitude, such as Eq.([40|), which has only real part once the unitarity of eikonal 
amplitude is restored (see above) and therefore does not contribute to the inclusive 
cross section. 



3.5 FSI in near threshold kinematics 

The above discussed picture of FSI for 2N SRC kinematics gradually changes with an 
increase of x if the kinematic threshold is approached. For example if we consider the 
x — > 2 limit for the scattering off the deuteron for fixed Q 2 , the final state mass of NN 
system is close to that of the deuteron. In this case, similar to the case of deuteron 
form factor one gets comparable contributions from small relative momenta in the 
initial and final states. In the nonrelativistic calculations |50j for Q 2 ~ few GeV 2 
this contribution was found to be important for W — < 50MeV. For heavier 
nuclei this effect for x ~ 2 is washed out by the motion of the nucleon pair in the 
mean field and by the contributions of three nucleon correlations. 

3.6 Measuring light cone momentum distribution of nucle- 
ons in nuclei 



The above discussions allow us to conclude that for kinematics of Eq.(19) when 



additional condition for FSI being in the eikonal regime, (Eq.(31) is satisfied, the 



FSI is predominantly confined within SRC and as a result it should mostly cancel 



out in the ratios of Eq.(23). 



3.6.1 The a distribution and FSI 

Next question which we would like to address is whether in addition to observing 



the onset of SRC at x > 1 kinematics through the ratio of Eq.(23) one can extract 
information about SRC which is less affected by the FSI. 
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For this we discuss several important advantages we gain by using light-cone 
momentum fraction of interacting nucleon, ctj, as it is defined in Eq.([2]). 

Using on we can rewrite the denominator of knocked-out nucleon's propagator, 



which enters in Eq.(33), in the following form: 



pi 



m 



N 



ie 



Q 2 



+ 



Q- 



m N q + 



mi 



m 



PR+J 



N 



q+m N 



+ ie 



(43) 



Pa ~ Pr an d define 



where we use energy and momentum conservation: = q^ 
q± = qo ± q and mf = (Pa — Pr) 2 ■ In Eq.(43) pn + represents the "+" component 
of the recoil nucleus four-momentum and it is a light-cone analog[T0] of the recoil 
energy Er (discussed in Sec. 2) which characterizes the total kinetic energy of recoil 



system in the nuclear lab frame 14 



It is instructive to compare Eqs.( 35p6 ) with Eq.(43). It follows from Eqs.( 35p6 ) 
that the fast nucleon propagator depends on Er in large momentum transfer limit 
go ~ <?• As a result it cannot be factored out of the sum over the recoil system's 
excitations. 

However situation is quite different for representation based on the light-cone 
variables. It follows from Eq.(43) that in the limit, Q 2 — > oo,x = const, 



q + > q- and q + m N > 



m 



NJ 



As a result, the denominator is practically independent of the excitation energy of 
residual nucleus, pn + . Consequently, «j is factored out from the sum - (which 



PR 
">2 



— — , which 



m N q + ■ 



replaces Y^Er m Eq.(33) in the light cone representation) with ctj 
depends only on x and Q 2 . 

The light cone factorization considerably simplifies the expression for the inclusive 
cross section. Using the correspondence relation in nonrelativistic limit between 
nonrelativistic and light-cone wave functions of the nucleus (see Eq.(|3|), and above 
discussed factorization of the knocked-out nucleon's propagator out of the integral 



of Eq. (|33|) for forward Compton scattering amplitude in impulse approximation one 

71 A, 



obtains: 



ImA Jo) A ~ 



\P'a = Pa 



N ' V (Q ,x,a>i) ■ pA{oii), 



(44) 



where Wjj ~ Jn Jn represents the electromagnetic tensor of nucleonic currents and 
Pa{o<) represents light-cone density matrix of nucleus integrated over the transverse 



14 In light cone representation the sum over Er in the closure relation for riA(k) is replaced by 
the sum over in the closure relation for p^(a,p t ). 
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momentum of the nucleoli which is defined as: 

Pa{o) = E E / \^A(ai,Piua 2 ,P2u --a A ,p At )\ 2 x 

PR+ spins 

A da- 

5 (a - on) [] — d 2 p jt 5(J2ak ~ A)S(J2Pkt)- (45) 

j=l a J k k 

According to this result, within the impulse approximation, in high Q 2 and x > 1 
kinematics, the inclusive eA scattering probes the light-cone density matrix, p A (a) 
of the nucleus. 

We are in position now to analyze how the final state interaction alters this 
factorization. The key point here is that in eikonal approximation the propagator 
of fast rescattering nucleon is approximately independent of the excitation energy of 
the recoil system. 

This can be seen from Eq.(40) in which the denominator of the fast nucleon 
propagator can be rewritten in the following form 

Pizo-Piz + A + ie = m[«i - a { + — — —E R + ie] rs m[ai - a { - ^ — + ie], (46) 

q 3 m 2q 3 m 

where a\ = J^- and Er = m + Ea-i — M A . It follows from Eqs.(46 40) that in 
the limit <C 1 the rescattering part of the amplitude is independent of the 

excitation energy of recoil nucleus. Hence using relation between nonrelativistic and 
light-cone nuclear wave functions (Eq.([3]) we obtain: 

XmA^ A {P' A = P A ) = A.lmj:Elbj 

PR+ spins 1=2 

w A (ai,pi t ; a 2 ,P2t] -on, pit] ..a A ,PAt)J e N( a fiPft, s f, a i,Pit, «i) 



\/s N n(s nn - 4m 2 N ) /ivjv(pi,± -Pi,±) 



(ai — ai + te)(a 1 — ai + te) 1 1 

y'±, d 2 p 
(2tt) 3 



8m N q% 

VA[a v p u ;a 2 ,p2t; ,Pi t , .a A ,p At )dai,d p it 
f[ ^*PjtS(£ a k - A)5 2 {Y.Vkt). (47) 

j=2 a 3 k=l k 

The imaginary part of the above expression is estimated through the imaginary part 
of NN scattering amplitude, f^N and the pole values of the propagators. The latter 
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yields the conservation of light-cone momentum fraction of the struck nucleon, i.e. 
a.i = oi\ = a[. If factorization of electromagnetic current is assumed then the overall 
effect of FSI can be represented through the correction part to the light cone density 



matrb<| | in such a way that expression (44) will still describe the inclusive cross 
section replaced with modified density matrix: 

TmA~<* A ^\P' A = P A ) = ^W^(Q 2 , x, a) ■ p D A WIA ^) (48) 

mq + 

where 

p% WIA (a) = p A {a) + Ap A {a) (49) 

with 

1 A r 

Ap(a) = -- H / ^A( a iiPlt', a 2,P2t, -on, pu] ..atA,PAt) x 

Pr+, spins 1=2 

Tmf NN (p' 1± -p h± )^/ A ((yi,p lt ]a2,P2t]--(y',Pit,- a A,PAt) x 

d2pu n — d2 p^(j: <*u - ^)5 2 (E^)- (so) 

v ^ ' j=2 ^3 k=l k 

In this case the inclusive cross section can be represented as follows: 

' /<Tii Ka eNP ° WIA (a t ), (51) 



dE P idVt e 



where K contains kinematic factors. Eq.(51) leads again to the scaling prediction in 
the form 



da eA 

dE e ,dU e , _ DWIA 



PT 1A (ou). (52) 
Ka eN 

Thus in high energy limit the dependence of the cross section on the nucleus structure 
is reduced to the dependence on modified LC nuclear density matrix which is a 
function of one variable, on. This result leads to a prediction of scaling law which is 
an analogue of the Bjorken scaling in deep inelastic scattering for the case of elastic 
scattering off nucleonic constituents in nucleus. 

The structure of the rescattering term is similar to that in the deuteron break 
up at same x and Q 2 . This allows us to estimate Ap(a) / p(a) < 2% in the region 
of sufficiently large Wnn for which eikonal approximation is applicable. A detailed 
numerical study of this effect will be presented elsewhere. 

15 This approximation is generally referred as Distorted wave impulse approximation 
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3.7 Light-cone scaling of the ratios 



We demonstrated above that in kinematics of Eq.(19) FSI is predominantly acting 
within the SRC and therefore cancels out in the ratios of the cross sections at fixed 
x, and Q 2 . However it follows from the discussion in section 3.1 that the same x 
corresponds to different struck nucleon momenta for different Q 2 . Since in the large 
Q 2 limit x — > ctj and cross section does not depend on the other three components of 
nucleon momentum (or equivalently pr) it is natural to consider ratios for the same 



a.i (see Eq.(52)). In the region of x < 2 where scattering off two nucleon correlation 
is allowed we observe that the dominant contribution comes from configurations with 
recoil energy similar to that in the deuteron (see Sec. 2.2). The motion of the pair 
leads to smearing of the recoil energy distribution. However the maximum of the 
distribution over in 2 is close to the value of m 2 for the deuteron for the same a,-. 



Moreover we checked in Ref. [11] that variation of m 2 around the deuteron value 
leads to a small variation of «j. Accordingly, one can integrate over the p_R,+, and 
Pi t t leading to conclusion that for x < 2, 

2a eA (x,Q 2 ) _ p A (a 2N ) ^ 



Aa e 2 H (x,Q 2 ) P2 H {ol 2N ) 
where 



o_ + 2m / W 2 - Am 2 . 



is the minimal value of a.i for the scattering off the deuteron for kinematics of Eq. ( 19 ) . 



Here W 2 = 4m 2 +Q 2 (2/x — 1) is the invariant mass squared for the electron scattering 



off the deuteron in the kinematics of Eq.(19). Obviously, the relation of Eq.(53) will 
be violated at large Q 2 due to the contribution of inelastic processes (see Fig. 7 in 
Ref pTTj ) . This relation predicts that even though the ratios of cross sections plotted 
as a function of x somewhat change with Q 2 , they should yield a much better scaling 
if plotted as a function of a 2 N- Indeed the SLAC data are consistent with this 



prediction, (see Fig. 18). One can see from the figure that the data cover the region 
a < 1.55 corresponding to the internal nucleon momenta < 0.6 GeV/c. For larger 
Q 2 and x sufficiently close to 2 corresponding to the minimal values of a 2 N being 
close to two, a new pattern may be expected. This is related to the observation of 
Ref. [6] that 3N SRCs appear to become important for a > 1.6. Therefore when this 
kinematics is reached one expects that the increase of the ratio and onset of the new 
plateau should start below x = 2. 

One can also define typical 0:3^ for scattering off a three nucleon correlation. It 
is rather insensitive in a wide Q 2 and x range to the value of the recoil mass of the 
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two nucleoli system. Hence it will be interesting to check at which values of x the 
scaling of the ratios as a function of 0:3^ will set in for x > 2. At the same time 
it is worth emphasizing that for the region of 0:3^ < 2 and x > 2 the cross section 
is not related directly to the LC density matrix but to the integral of the spectral 
function for approximately constant 0:3^ over a restricted range of the recoil masses. 
These masses will exclude values typical for two nucleon correlations and therefore 
will not allow a closure approximation. A comparison of the x > 2 and 1 < x < 2 
data for q^jv = &3N would provide a unique information about relative importance of 
different contributions to the spectral function for ccj ~ 1.5 4- 1.7. Such experiments 
are planned in JLab though the current plans for 6 GeV do not cover sufficiently 
high values of Q 2 . 




1 1.25 1.5 1.75 2 0.8 1 1.2 1.4 1.6 

X % 

Figure 18: The x and am dependence of the ratio R = |^ for different values of 
Q 2 = 1.2 4 2.9 GeV 2 . 



4 Breaking SRCs in Hard Semi-Exclusive Reac- 
tions 

We explained in Sec. 2 that a removal of a nucleon from type 2N-I SRC leads to an 
emission of a nucleon in the direction opposite to the direction of initial momentum of 
struck nucleon. Therefore if projectile removes say a proton from 2N SRC the decay 
function mechanism leads to an emission of a neutron with momentum distribution 
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proportional to the square of the deuteron wave function at high momenta. This 
mechanism suggested in Ref. [5] allowed to explain the shape of the spectrum of fast 
nucleons emitted backward in reactions of EqQ and led to the value of 02(C) ~ 4-^5 
which is very close to the one obtained from A(e,e')X reactions at Q 2 > 1.5 GeV 2 
and x > 1 described in Sec. 3. 

A limitation of the reactions listed in Eq.Q is that due to their inclusive nature it 
is impossible to fix the momentum of the nucleon (nucleons) which was removed in the 
process of producing fast backward nucleon. It can be partially alleviated by studying 
fast backward production in deep inelastic scattering in which case predominance of 
the scattering from forward moving nucleons leads to a reduction of average Bjorken 
x proportional to the light cone fraction of this nucleon [SJ. This effect is observed in 
several neutrino bubble chamber experiments, (see e.g. Refs. [S] and 0), although 
the production of fast backward nucleons due to hadronic reinteractions leads to a 
reduction of this effect. 

Much more stringent tests of the structure of SRC can be performed in coincidence 
experiments in which a nucleon is removed from the nucleus with known momentum, 
and the second nucleon from the decay of the SRC is detected [TUJ, EJJ . An example 
of such process is the reaction, p + A — > p + p + (A — 1)*, in which both protons are 
detected at large cm. angles _ 

For the purposes of studies of SRC it is sufficient to reach the range of large energy 
momentum transfers corresponding to E p > 5 GeV in which case color transparency 
effects appear to be small. Detection of two forward protons allows to determine with 
high precision the light-cone fraction of the interacting nucleon, oti, and therefore to 
measure the light-cone density matrix of the nucleus. The analysis of Ref. [5_1] of 
EVA data[15] on ai distribution found that the data agree well with calculation which 
includes SRC with the strength determined from A(e, e')X data at Q 2 > 1.5 GeV 2 
and x > 1. 

Since the cross section of elementary pp —>■ pp reaction decreases very rapidly 
with an increase of the energy: 

Hrr pp ^ pp (? f) 1 

Liu \ a ppi u c.m.) _10 

cW K Spp ' 

u ' u c.m. 

for 9 c , m , ~ 90°, the scattering preferentially occurs off the forward moving proton 
which have < 1 since in this case s l pp ~ ctiS pp < s pp . 

If a forward moving proton (aj) belonging to a type 2N-I SRC is removed from 
the nucleus, correlated nucleon from the decay of SRC should be emitted backward. 



16 Initially, the interest in experimental study of this reaction was prompted by suggestion of 
Refs. [53] and 52] that these processes can be used for studies of color transparency phenomenon. 
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Indeed, for the case of 2N SRC the light-cone momentum fraction for the correlated 
spectator is: a s ~ 2 — a.i > 1. Expressing a s through the lab frame energy E s 
and ^-component of momentum p s : a s = 8 Ps ' z one observes that condition a s > 1 
indeed corresponds to a production of nucleon in the backward hemisphere (p sz < 0). 
Based on this observation it was predicted (101 151] that in the process of p + A — > 
p + p + (A — 1)* there should be a strong correlation between knock-out of the fast 
forward proton and emission of a fast backward nucleons, mostly neutrons. 

The BNL experiment E850 (EVA) [T6] was supplemented with neutron detectors 
which covered a large fraction of the backward angles. The experiment discovered 
[T5| [16] that in the process of p + 12 C -^p + p + n + X, a removal of a proton with 
momentum \pi\ > hp = 220 MeV/c (the Fermi momentum for carbon) produces 
strong back-to-back directional correlation between pi and momentum of the neutron, 
p n (Fig{T9l. 
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Figure 19: The correlation between p n and its direction 7 relative to pi. Data labeled 
by 94 and 98 are from Refs.15 and 16 respectively. The momenta on the labels are 
the beam momenta. The dotted vertical line corresponds to hp = 220 MeV/c. 
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The experiment [To] extracted the following quantity: 

Number of (p,ppn) events (pi,p n > kp) 

— — 

Number of (p,pp) events (pj > hp) 



(55) 



which represents the measure of correlation of backward neutrons with initial momen- 
tum of struck proton. For initial momentum range of 250 — 550 MeV/c experiment 
extracted F = 49 ± 13%, which means about half of the events with \pi\ > kp had 
directionally correlated neutrons with \p n \ > kp. 

Further analysis of these data was performed in Ref. [17], which observed that 
in high momentum transfer kinematics, above mentioned ratio can be related to the 
quantity P pn / P x which represents the relative probability of finding pn correlation in 
the "pX" configuration that contains a proton with pi > kp. Such relation reads: 

F 

Ppn/pX = ( 56 ) 

where T n accounts for the attenuation of the neutron in the nucleus and 

^max ~7nax max „max 
i "ti a n "tn 

J J J J D pn (a u p tu a n ,p nU P R+ )^d 2 p t ^d 2 Ptn dP R+ 

s^min —min ^min —min 

JD — i P t* 71 Ptn (Xx7\ 

/ / SP-((a i ,p ti ,P R+ )^p t dP R+ 

Here D pn is light-cone generalization of the decay function discussed in Sec. 2, corre- 
sponding to the situation in which removal of a proton with light-cone momentum 
ai,pu from the nucleus was followed by an emission of neutron with momentum 
(a n ,p nt ). The recoil energy is described by P R+ (see discussion in Sec. 3). The spec- 



tral function S pn in Eq.(57) represents the part of the spectral function S p related to 



pn-correlation only and it is related to the decay function by the relation analogous 



to Eq.(17). 



In Ref. [IT] decay function was modeled based on 2N SRC model which includes 
the motion of the center of mass of the correlation in the nucleus mean field. Within 
this approximation the decay function is represented through the convolution of two 
density matrices representing relative (psrc) an d center of mass (p cm ) momentum 
distributions as follows: 

OL 

= PsRc( a rel,Pt,rel) • P^ m .{ a cm.,Pt,, 



,c.m. ) 



( m 2 +pl n M 2 A _ 2 +p 2 t \ 

o\Pr,+ r . r , 58 

\ ma n m(A - a c . m .) J 
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where a rd = p t , re i = Pu ~ r^Ptn, "cm. = + and p t c . m . = p t + p tn . 

Within 2N-SRC model [6], is related to the LC density matrix of the deuteron 
as: 

PsRc(a,p t ) = a pn (A)^^Vm 2 + k 2 , (59) 
where \I/_d(/c) is the deuteron wave function, and for < a < 2 



k 



m2 + Pt 2 far* 

— m z . (60) 



\a(2 



a) 



The parameter a pn (A) is the probability (relative to the deuteron) of having a pn 
SRC pair in nucleus A, which is analogous to 02 quantity discussed in Sec. 3 but only 
for proton-neutron correlation. 

The cm. motion of the SRC relative to the (A — 2) spectator system is described 
by a Gaussian ansatz similar to Ref. [32] with a being a parameter. This distribution 
can be expressed through the LC momentum of the cm. of the SRC as follows: 



§ m 2( 2 _ Q )2 +p 2 



pc.m{a,p t ) = 2m\^— i j e 2.2 . (61) 

It is normalized as J p c .m.( a ^Pt)^d 2 p t = 1. The parameter, a describing the width of 
the momentum distribution of the cm. of 2N SRC was determined experimentally: 
a = 143 ± 17MeV/c. It was found to be in excellent agreement with the value 
calculated in Ref. [32] for the carbon spectral function within the 2N-SRC model - 
a = 139 MeV/c. 

It was demonstrated that above approximation for the decay function describes 
major characteristics of the A(p, 2pn)X data [T71 [SI]. Based on this model of decay 



function and constraining the integration region of Eq.(57) by kinematical cuts of 
experiment: 

struck proton: 0.6 < a { < 1.1; p { > p min = 0.275 MeV/c 
recoil neutron: 0.9 < a n < 1.4; p mm < p n < 0.55 

72° <6 n < 132°, (62) 

for which the recalculated value of correlation strength was F = 0.43to;o7 ^ was 
possible to estimate: 

Ppn/px = 0.92+Hs- (63) 
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The physical interpretation of this result is that the removal of a proton from the 
nucleus with initial momentum 275—550 MeV/ c is 92lf 8 % of the time is accompanied 
by the emission of a correlated neutron that carries momentum roughly equal and 
opposite to the initial proton momentum. Using this result, and assuming dominance 
of 2N SRCs in the high momentum component of the nuclear wave function at 
250 < Pi < 550 MeV/c, it is possible to estimate an upper limit for the ratio of 
absolute probabilities of pp and pn SRCs as [T7j: 



This result indicates that probabilities of pp or nn SRCs in carbon are at least by 
factor of six smaller than that of pn SRCs. This provided the first estimate of 
the isospin structure of 2N SRCs in nuclei and may have important implication for 
modeling the equation of state of asymmetric nuclear matter. 

Further studies were performed very recently at JLab [TBI [19] for electro-nuclear 
reactions in which case 12 C(e, e'p)X, 12 C(e, e'pp)X, and 12 C(e, e'pn)X scatterings at 
Q 2 = 2 GeV 2 and xb = 1.2 were studied in the range 300 < Pi < 600 GeV/c. Since 
for the chosen kinematics the A-production is suppressed and pi > k Fermi, the type 
2N-I SRC has been predicted to give the dominant contribution to the cross section. 
Experiment also observed a recoiling partner, proton/neutron, from SRC produced 
back-to-back to the momentum p^. When interpreted within the same model as used 
for the A(p,ppn)X reaction it was found that only in (9.5 ± 2)% of the 12 C(e, e'p)X 
events, a recoiling nucleons were protons. The ratio of the recoil neutron and recoil 
proton production cross section was found to be 8.2 ± 2.2. 

If one considers the ratio of probabilities of emission from the pp pair with respect 
to pn pair the identity of the protons leads to a factor of two larger emission proba- 
bility - in the pp case one of the protons is always has a momentum in the forward 
direction while in the case of the pn correlation this probability is 50%. Therefore for 
the ratio of the probabilities of pn and pp pairs one finds, 16.4 ± 4.4. This has to be 
corrected for the feeding of pp events from the pn events due to the charge exchange 
which yield the following final result for ratios of pp to pn SRC probabilities: 



^<l(l-P pn / P x) = 0M 



+0.09 
-0.04- 



(64) 



pn 



pn 



18.0 ±5.0. 



(65) 
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The pp/pn ratio was found to be practically constant in the whole studied mo- 
mentum range: 300 < pn < QOOMeV/c. Also the sum of the absolute pp and pn 
probabilities was found to be close to one, indicating that practically all nucleons in 
this momentum range (with accuracy of the order 10%) belong to two nucleon SRC. 

The ratio found in Eq.(66) is in a good agreement with the one in Eq.(64). This 
is certainly not trivial since the mechanism of the reactions in two cases are very 
different (for example a virtual photon could couple to the exchange currents), and 
also in the proton projectile case a forward moving proton was struck, while in the 
electron experiment virtual photon was absorbed by a backward moving proton. In 
addition the invariant transferred momentum for (p, 2p) reaction was — t ~ 5 GeV 2 
exceeding by far Q 2 ~ 2 GeV 2 for (e, e'p) process. The observed ratio appears to 
be somewhat smaller than a naive expectation of a factor of | based on the pion 
exchange. 

Note also that in the kinematics of JLab experiment invariant mass of the two 
nucleon system is rather small, while transverse momenta are significant. As a re- 
sult the final state rescatterings between two outgoing nucleons of SRC are rather 
large. However our studies indicate that this does not affect the ratios and overall 
probabilities discussed above. 

To summarize, the study of hard semi-exclusive correlation processes demon- 
strate high discovery power in probing different aspects of SRCs. Already first 
experiments [T7j — [19] confirm the SRC origin of high momentum nucleons in nu- 
clei. For carbon case SRCs appear to dominate starting at momenta which are close 
to the Fermi momentum. Most of the SRCs are due to pn correlations. Qualitatively 
these expectations are consistent with an expectations of potential models of the 
nucleus. For more quantitative comparisons it would be necessary to perform calcu- 
lations of the decay functions of nuclei. One of the most important aspects of these 
studies is that it opens up a new venue in probing the isospin structure of SRCs. Such 
possibilities are especially important for studies of structure of asymmetric nuclear 
matter at high densities such as neutron stars. 



5 Short-range nucleon correlations and neutrino 
emission by neutron stars 

In this section we will discuss an example which demonstrates how our understanding 
of SRCs can be used in studies of the properties of cold dense nuclear matter. We 
will concentrate on the discussion of equilibrium issues of neutron star and related 
neutrino luminosity. 
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5.1 Introduction 



A normal neutron star is bound by gravitational interactions. Global characteristics 
of neutron stars follow from the equations for the hydrostatic equilibrium in the 
general relativity, see Ref . [551 EE] • A neutron star can be divided into several layers: 
the crust, the outer and the inner cores. The outer core extends up to the densities 
p ~ (2 — 3)po, where po ~ 0.16nucleon/ fm 3 is the nuclear matter density. The inner 
core extends to the center of the neutron star where densities can be significantly 
larger ~ 5 — 10po and may contain muons, hyperons, and exotic matter. Due to 
inverse (3 decay, the nuclear matter dissolves into a uniform liquid composed of 
neutrons at the density ~ l/2po, with 

x = N p /N n ~ 5 -r 10%, (67) 

admixture of protons and equal admixture of electrons and tiny admixture of muons, 
see Refs. [57J [58], [59] . In the inner core the value of proton fraction is probably 
larger: ~ 10 4- 13% [60]. The most efficient neutrino cooling reactions are due to 
direct URCA processes involving neutron f3 decay: 

n — > p + e + i> e , (68) 

and j3 capture in 

e + p — > n + v e . (69) 

Thus it is worth to analyze how internucleon interactions influence thermally excited 
direct URCA processes within cold neutron stars. Standard cooling scenario assumes 
that direct URCA processes can occur in the inner core only |61j . 

In the ideal gas approximation the zero temperature neutron star is described 
as the system of degenerate neutron, proton and electron gases with the ratio of 
proton and neutron densities, i < 0.1. For any positive neutron density the Pauli 
blocking in the electron and proton sectors guarantees stability of a neutron star to 
the neutron /3-decay cf. Refs. [62] and [63]. The number densities of protons and 
electrons are equal to ensure electrical neutrality of the star, so k F (e) = k F {p). The 
neutron Fermi momentum is significantly larger than the proton Fermi momentum 
because of the larger number of the neutrons: 

x 1/3 k F (n) = k F (p). (70) 

The internucleon interaction produces nucleons with momenta above Fermi sur- 
). To guarantee conservation of the electric and the baryon 
charges nucleon occupation numbers below the corresponding Fermi surfaces - fi(k, T = 



faces, cf. Eqs.(7T|72 
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0) should be smaller than unity especially for protons. The nonrelativistic Schrodinger 
equation with realistic nucleon-nucleon interactions gives occupation numbers for 
protons with zero momenta ~ 70% for the nuclear matter density. Even a larger 
depletion of occupation numbers is found for protons with momenta near the Fermi 
surface [65] . 

The Landau Fermi liquid approach [66J in which momentum distribution of quasi- 
particles coincides with the Fermi distribution for the ideal gas of fermions is effective 
starting approximation for describing strongly interacting liquid. It has been ex- 
plained by A.B.Migdal that nucleon distribution at zero temperature should exhibit 
the Migdal jump at k = kp which justifies applicability of the Fermi step distribution 
at zero temperature. The value of the Migdal jump is equal to the renormalization 
factor Z < 1 of the single-particle Green's function in the nuclear matter. The 
condition Z < 1 follows from the probability conservation [67J EE] and implies that 
occupation numbers for nucleons with momenta k < kp are below one. In the limit 
of small proton concentration Fermi surface nearly disappears since proton neigh- 
borhood is predominantly strongly interacting with neutron medium. So the height 
of the Migdal jump for the proton distribution should decrease oc x for x — > 0. (De- 
crease of the Migdal jump due to a large probability of SRC has been discussed a 
long time ago for the liquid 3 He in Ref.[69j. ). Thus for a highly asymmetric mixture 
of protons and neutrons the interaction tends to extend proton momenta well beyond 
k F (p). 

We show that for the temperatures T C 1 MeV the presence of the high mo- 
mentum proton tail leads to a different value and temperature dependence of URCA 
processes for x > 1/8, cf. Eq. 82 as compared to that in Refs. [TO], [2J E] where the 
Fermi momentum distribution for quasiparticles was used. As the consequence of 
the presence of the high momentum proton tail the neutrino luminosity due to direct 
URCA processes differs from zero even for x < 1/8 i.e. in the region forbidden in the 
ideal gas approximation for quasiparticles by the Pauli blocking and the momentum 
conservation. 

The electron gas within neutron star is ultrarelativistic. So the Coulomb parame- 
ter e 2 /v <C 1. Here e is the electric charge of electron and v = p/E pa c is its velocity. 
Thus approximation of the free electron gas is justified. The Coulomb interaction 
between protons with momenta k > kp(p) and electrons produces electrons with 
momenta above the electron Fermi surface, although with a very small probability 
cf. Eq.(73). So the occupation probability for electrons: f e (k e < kp(e),T = 0) is 
slightly less than one. 

Thus the interaction produces holes in all Fermi seas removing the absolute Pauli 
blocking for the direct neutron, muon, hyperon /5-decays. We show however that the 
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account of the Pauli blocking in the electron sector ensures stability of a neutron to 
the direct (3 decay in the outer core of a neutron star. Condition of stability may 
be violated in the inner core where however use of nucleon degrees of freedom is 
questionable. 

If hyperon stars exist (for the review of this subject and references see Ref. [73]). 
neutrino luminosity due to direct (3- decay may appear significantly larger than for 
a neutron star. 

5.2 The role of the interaction 

High momentum nucleon component of the wave function of a neutron star follows 
directly from the Schrodinger equation in the limit k ^> kp where kp is Fermi mo- 
mentum. The derivation of the formulae is similar to that in [6]. 

At the leading order in (kp/k 2 ) the occupation numbers for protons and neutrons 
with momenta above Fermi surface are: 

and 

Here pi is the density of constituent i . The factor V^Nik) describes the high momen- 
tum tail of the potential of the NN interaction. The factor 2 in the above formulae 
accounts for the number of spin states. In the first term, this factor is canceled due 
to the identity of nucleons within the pair. In the derivation of the formulae for the 
probability of SRCs we used the approximation of nucleon density uniform in coor- 
dinate space to describe the uncorrelated part of the wave function. Thus, the value 
of the high momentum tail depends strongly on the nucleon density in the core of a 
neutron star. Since kp(p) is significantly smaller than kp(n), the probability to find 
a proton with k > kp(p) for a neutron density close to the nuclear density should 
be significantly larger than in nuclei where x ~ 1. Note also that the analysis of 
the recent data on SRCs in the symmetric nuclear matter found a significant ~ 20% 
probability of nucleons above the Fermi surface in nuclei which is predominantly due 
to 1 = SRCs[m[T9]. 

The Coulomb interaction between protons from SRCs and electrons produces 
electrons with momenta above the electron Fermi surface. Such electrons are ul- 
trarelativistic so Feynman diagrams approach should be used to evaluate the high 
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momentum electron component rather than the nonrelativistic Schrodinger equation. 
We find for the high momentum electron component approximate expression: 



fe(k e > k F (e),T= 0) « (1/2) J (d 3 k p / (2tt)) 3 f p (k p )6(k p - k F (p))p e - (73) 
■(l-f p (k p ,T = 0)) 



k e + \k F (e) \( Vcouiomb(k) V 



K ■ J^kp(e) \k e - k 2 e /2m N - |fc F (e) 



The factor 1 — f p (k p ,T = is the number of proton holes which prevent Pauli 



blocking for the proton after interaction with the electron. Effectively, Eq. ( 73 ) gives 
the probability for triple (e-p-n) short range correlations. This equation can be 
simplified for applications by using average quantities: 

f e (k e > k F (e),T = 0) « (l/2)P pn (H) ■ 
, k e + \k F (e) \ I Vcouiorab(k) \ 2 



Here P pn is the probability of pair nucleon correlation and (H) w P pn . 
The factor 



1/2 



k 2 + ml + J< k 2 + m 2 > 



(k 2 + m 2 e y/ 4 < k 2 + m 2 e >V4 



follows from the Lorentz transformation of the electron e.m. current, conveniently 
calculable from the Feynman diagrams. Here < k 2 > is the average value of the 
square of electron momentum within the electron Fermi sea. 

5.3 Impact of SRC on the direct and modified URCA pro- 
cesses at small temperatures 

In the Landau Fermi liquid approach at finite temperature, T the direct URCA 



process Eqs 68 and 69 is allowed by the energy-momentum conservation law if the 
proton concentration exceeds x = 1/8 [71J. The restriction on the proton concentra- 
tion follows from the necessity to guarantee the momentum triangle: 

k F {p) + k F (e)>k F (n), (75) 

in the absorption of electrons by the protons. 
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If proton concentration is below threshold or direct URCA process is suppressed 
due to nucleon superfluidity neutrino cooling proceeds through the less rapid modified 
URCA processes: 

n + (n,p) — >• p + (n, p) + e + u e , (76) 

and 

e + p+ (n,p) — > n + (n,p) + u e , (77) 

in which additional nucleon enables momentum conservation. 

The neutrino luminosity resulting from the direct and modified URCA processes, 
€urca, was evaluated in Ref. [7TJ for x > 1/8 where the Fermi distribution: 

fi,bare(k,T) = — 1 E , (78) 

1 + exp 

describes the Pauli blocking factors 1 — f e (k,T) and 1 — f p (k,T) in the final state. 
After integration over the phase volume of the decay products it was found: 

euncA = c(kT) 6 6(k F (e) + k F (p) - k F (n)). (79) 

Here c(x > 0.1) has been calculated in terms of the square of the electroweak coupling 
constant relevant for low energy weak interactions and the phase volume factors. 

In the case of realistic NN interactions significant fraction of protons has mo- 
menta above the proton Fermi momentum. So Eq|75] is satisfied for the proton 
large momentum tail even for x smaller than 0.1. For the sake of illustrative esti- 
mate we substitute in the probability of neutron /3-decay the Pauli blocking factor 
(1 ~ fp,bare(k,T)), by the actual distribution of protons within the core of a neutron 
star. We account for the probability of additional neutron from (p,n) correlation by 
the additional factor P pn . 

To simplify the discussion we will ignore here tiny probability for electron holes 
at zero temperature and parameterize neutrino luminosity as 

euRCA = c(kT) 6 R, (80) 

where R accounts for the role of SRC in neutrino luminosity at small temperatures. 
We find 

R^4n[J [(! " f P (k p ,T))9(k F (p) - k(p))+ 
+f(k pi T)6(k p - k F (p)}6(k F (e) + k(p) - k F (n))d 3 k p /(27T) 3 
/(I - f pM re{k P , T))6(k F (e) + k F (p) - k F (n))d 3 k p / \2nf~\ ' . (81) 
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Here f p (k p ,T) is the occupation number of protons accounting the interaction and 
fpMre{T, k) is the Fermi distribution function over proton momenta at nonzero tem- 
perature. The factor K pn is the overlapping integral between a component of the 
wave function of the neutron star containing pair nucleon correlation and the mean 
field wave function of the star. For the numerical estimate we use approximation: 
K pn = Ppn- For a rough estimate we neglect the first term in the numerator of 
the above formulae and put T = in the second term. Using for the estimate 



Vtvat(/c) oc 1/k 2 for k ^> kp and Eq.(72) to evaluate large k behavior of f p oc (l/k) 8 
we obtain: 

R ~ (m^T^' (82) 

where P pn is the the probability for a proton to have momentum k > kp{p)- For the 
illustration, we numerically evaluate the enhancement factor R for neutron density 
close to po, x = p P l p n = 0.1, and P pn = 0.1. So, 

R « 0.16P pn (Me1//A;r) 3/2 . (83) 

The enhancement is significant for kT <C lMeV. Remember that after one year a 
neutron star cools to the temperatures T < 0.01 MeV. 

Neutrino luminosity due to direct URCA processes decreases with decrease of x 
but differs from zero even for the popular option: x < 0.1. So investigation of the 
neutrino luminosity of the neutron stars may help to narrow down the range of the 
allowed values of the x ratio. 



5.4 j3 stability of neutron within the outer core of zero tem- 
perature neutron star 

Normal neutron star is bound by gravity. Gravity does not forbid decays of con- 
stituents of the star if energy and momentum are conserved in the decay (the equiv- 
alence principle). 

Constraints due to the energy-momentum conservation law and the Pauli block- 
ing in the electron sector work in the opposite directions. Indeed, the maximal 
momentum of an electron from /3-decay of a neutron with momentum k n is ~ 
1.19MeV/ (1 — k n /m p ). Hence, an electron produced in the neutron j3 decay may fill 
the electron hole with momentum k ~ lMeV/c only. The dominant process which 
may lead to the formation of electron holes is the elastic interaction of an energetic 
proton with electrons within the free electron gas. Energy-momentum conservation 
is fulfilled in the case of nonrelativistic nucleons if electron in the Fermi sea kicked 
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out by proton has minimal energy in the range: 

E ho ie(k) = ((p — kf + kf - p 2 )/2m N + k f . (84) 

Here p is the proton momentum and kf is the electron momentum in the final state. 
Scattered electron has energy kf > Ep{e), so it is legitimate to neglect by the electron 
mass. Hence, the minimal energy of the hole (when electron and proton momenta 
are antiparallel in the initial state) is 

£^ e ~(l/2-l/3)£ F (e), (85) 

for the proton momenta around p = 0.4 4- 0.5GeV/c typical for SRC and decreases 
with increase of p. Evident mismatch between energies of produced electron holes 
and electrons in the neutron decay guarantees that an electron from /5-decay of a 
neutron can not fill an electron hole. 

In the case of ultrarelativistic nucleon gas (inner core of a star?) energy-momentum 
conservation does not restrict energies of electron holes produced in (e-p) interaction: 

E hole (k) = J(m 2 N + (p + k-k f y - y/(m%+p*) + ^{m\ + kj) (86) 
In the limit p/m n — > oo we obtain expression for minimal energy of hole: 

E ho le{k) = y/{m? e + W) ~ k f + k ~ k + m e/ k f- ( 8? ) 

However in this regime use of nucleon degrees of freedom would be questionable. We 
will not discuss further in this paper interesting question on the possible f3 instability 
of neutron within the inner core of star. 

Direct (5 decay of muon produces electrons with momenta up to m M /2 which 
are not far from the electron Fermi momentum. So evaluation of Pauli blocking for 
muon, hyperon /5-decays requires model building. 

It follows from above discussion that the reduction of the difference between 
neutron and proton momentum distributions influences collective modes. The most 
significant effect would be the tendency to suppress the superfluidity of protons 
(superconductivity) due to the deformation of the proton Fermi surface because of 
an increase of the fraction of protons having momenta above the Fermi surface. 
Existence of SRC will not strongly influence the possible superfluidity of neutrons. 
Note that superfluidity of neutrons will further suppress neutron (3 decay due to 
formation of neutron Cooper pairs near the Fermi surface. 

Electrons and neutrinos in the (5 decays of hyperons, muons, are vastly more 
energetic than in neutron decay. Hence, if hyperon or muon stars exist, they should 
decay significantly more rapidly than the neutron stars and produce larger neutrino 
flux. 
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6 QCD and nuclear physics 



6.1 Introduction 

Spontaneously broken chiral symmetry plays a critical role in the nuclear structure. 
Small mass of the pion (due to small mass of u and d quarks) ensures presence of 
a large distance scale in nuclei — small density of nuclear matter as compared to 
the density within the nucleon. At the same time since pion is a pseudogoldstone 
meson of QCD, low energy theorems for interaction of pions with nucleons ensure 
that probability of low momentum pionic degrees of freedom in nuclei is small. The 
spontaneously broken chiral symmetry is responsible practically for all of the nucleon 
mass, leading to a barrier of ~ 1 GeV between nonperturbative and perturbative 
vacuaEI 

However the chiral symmetry breaking alone is not sufficient to answer questions 
concerning microscopic structure of SRCs such as the role of the mesonic and baryonic 
components in these configurations, as well as account of the relativistic motion of 
the nucleons in SRCs. In fact studies of nuclear structure within chiral perturbation 
theory introduce a perturbation series over the pion interaction with subtraction 
terms arising from the integration over the high momenta characteristic for SRC. As 
a result these approaches deal with effective wave functions of nuclei in which high 
momenta due to SRCs are absent (hidden in the subtractive terms). 

To address the properties of nuclei at high resolution one needs to take into 
account several other fundamental properties of QCD namely the decrease of the 
coupling constant at small space-time intervals (asymptotic freedom) and propor- 
tionality of strong interaction strength to the region occupied by color - the color 
screening phenomenon. These features of QCD lead to a number of new phenomena 
in nuclei unexpected in pre QCD approaches. This includes transparency of nuclear 
matter for propagation of fast spatially small quark-gluon wave packets, increase of 
the radius of the region occupied by color within a bound nucleon - a precursor of 
color conductivity. Evidence for such phenomena in moderate energy processes is 
discussed below. Search for color opacity phenomenon at ultrahigh energies is one 
of the goals of LHC. 

We discussed in Sees. 3 and 4 that hard processes indicate the dominance of 
nucleon degrees of freedom in SRCs, even for higher densities present in nuclei for 
which nonnucleonic effects are expected to be enhanced as compared to average 
nuclear configurations. Within meson nucleon theories interaction grows with a 

17 This property is absent in many bag models which are often used to evaluate properties of 
nuclear matter and to derive equation of state. 
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decrease of the distance due to the presence of the Landau pole, 



leading to very strong interactions within the SRC. Here g(t) is running coupling 
constant, t is a virtuality and b > 0. Therefore the dominance of nucleonic degrees 
of freedom does not seem natural within these models. No such phenomenon is 
expected in QCD due to the phenomenon of asymptotic freedom. 

Overall QCD dynamics is strongly different from the expectations of preQCD field 
theory models: approximate Bjorken scaling for the cross sections of hard processes 



follows from asymptotic freedom (b < in Eq.(88)) and color screening phenomenon. 
Such scaling is absent in preQCD models due to increase of the invariant charge 
with virtuality i.e. due to the Landau ghost pole in the running coupling constant. 
Moreover, color fields are screened within spatially small wave packets of quarks 
and gluons leading to a decrease of interaction of these quark-gluon packets with 
ordinary hadrons. All these features of QCD have been observed in the numerous 
hard QCD and electroweak phenomena. Experimentally approximate Bjorken scaling 
for lepton-nucleon (nucleus) scattering sets in at Q 2 > 1 GeV 2 . 

To summarize: nonrelativistic nuclear models are phenomeno logical approaches 
in which short-distance effects enter as a boundary condition and absorbed in the 
parameters of the models. Hence it is not surprising that expectations of these 
models for hard nuclear phenomena differ strongly from the QCD expectations. The 
difference is especially large for phenomena in which one deals with the coupling to 
the meson exchange currents at large virtualities. 



6.2 Implications of hard phenomena for the structure of 
nonnucleonic configurations in nuclei 

Nucleons are composite particles, and therefore internucleon interaction should lead 
to a deformation of the bound nucleon wave function. A certain modification of 
the bound nucleon is manifested in the difference between quark-gluon distributions 
within a nucleon and a nucleus (usually referred as EMC effect [7U [75j US]). This 
conclusion follows from the combined application of the exact baryon charge and 
momentum sum rules [IU]. Observation of bound nucleon structure function mod- 
ifications in the nuclear medium rises question of how these modifications can be 
represented in terms of non-nucleonic degrees of freedom in nuclei and what is the 
probability of such components in the nuclear wave function. 
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PreQCD models predict enhancement of meson currents in nuclei and significant 
non-static meson fields in nuclei, onset of the meson condensate regime at densities 
comparable to the average nuclear density, po- Such a hypothesis leads also to the 
expectation of enhancement of the antiquark ratio Rq = c[a(x,Q 2 )/(1n(x,Q 2 ) for 
x < 0.1 of > 10% for A > 40 while the data find ^-(0.05 < x < 0.1) < 1 with the 
typical error bars of 1%. The enhancement of Rq originates in these models from 
pion virtualities, p 2 ~ 1 GeV 2 , which are far from the region where concept of meson 
exchanges can be justified: i^p 2 , \ < few m 2 ). 

Presence of A-isobars in the nuclear wave function on the level of few % is not 
excluded experimentally. In fact presence of A-isobars in A = 3 nuclei is necessary 
to satisfy the exact QCD Bjorken sum rule [77] . 

QCD suggests possibility of direct role of color field in nuclear structure. Color 
screening phenomenon means that smaller is the size of the quark-gluon wave packet 
smaller is its interaction with a hadron. As a result quark-gluon configurations 
of smaller than average size are suppressed within the bound nucleon [78]. This 
can be demonstrated by applying variational principle which requires suppression of 
configurations with minimal attraction to increase binding energy. The strength of 
deformation, 7, is expected to increase with an increase of the momentum of nucleon, 
k approximately as 7 oc k 2 (for simplicity we omit here a term related to the energy of 
the residual system due to which 7 is linear in virtuality of the interacting nucleon). 
As a result the deformations should increase with an increase of nuclear density. An 
analogous effect of induced polarization of two interacting atoms is well known in 
the atomic physics where such deformation is found to be different for directions 
along and perpendicular to the axis between the atoms. Similarly the deformation of 
parton distributions in the bound nucleon may depend both on the absolute value of 
the nucleon momentum, k, and its direction with respect to the momentum transfer 

To summarize: the EMC effect unambiguously demonstrates presence of non- 
nucleonic degrees of freedom in nuclei. Description of the effect as deformation of 
bound nucleon is dual to the presence of baryonic non-nucleonic degrees of freedom 
within hadronic basis description of the modification effects. In the color screening 
mechanism, described above, these baryonic components are highly coherent with the 
nucleon components and their absolute probability is rather small. This is consistent 
with the experimental constrains on the admixture of such components coming from 
high energy data[T0]. In Sec. 8 we discuss some of these restrictions and how further 
measurements of cross sections of the reactions: e + A — > e' + Nb ac k war d + n + X could 
improve the limits or lead to discovery of these components. 
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6.3 QCD and meson currents 

One of the intriguing observations of low energy nuclear physics is that nucleon - 
nucleon potentials decrease rather weakly with momentum transfer. Within one 
boson exchange models (OBEP) such behavior requires very hard (nearly point- 
like) meson - nucleon form factors. Such a weak dependence of meson - nucleon 
form factors on t seems to be difficult to reconcile with the observations of quark 
structure of mesons and nucleons at high energies as well as with the t-dependence 
of the exclusive pion electroproduction by the longitudinally polarized photon which 
is dominated by the pion pole contribution. 

If one applies the OBEP model to the calculation of antiquark content of the 
nucleon at Q 2 ~ few GeV 2 one finds an inconsistency: hard form factors generate 
too many antiquarks at x > 0.1. For example, if one uses an exponential param- 
eterization of the 7rNN form factor, F^nn^) = exp(Ai), one finds A > 1 GeV -2 . 
Note that approaches like OBEP ignore the loop diagrams which are unavoidable in 
quantum field theories and which lead to the Landau pole in the running coupling 
constant at momentum transfer in the vicinity of — t ~ 1 GeV 2 . Still even in this 
form mesonic models do not match even qualitatively to the QCD pattern of the 
decrease of meson fields as a function of momentum transfer as a consequence of the 
asymptotic freedom and color screening phenomenon. Another shortcoming of the 
models is the increase of the antiquark density with nuclear density which contradicts 
the data, see discussion in section 6.2. 

The listed paradoxes originate from the contribution of pion fields with momenta 
> 0.5 GeV/c in which case internucleon distances (distance between pion and a 



nucleon) become substantially smaller than the nucleon size of ~ 0.6 fm 18 where 
geometrically one can hardly think of the emission of pion. This is related to the 
observation that the pion exchange can be separated from the other contributions 
only in the vicinity of t = m 2 . At the same time an exchange by the meson quantum 
numbers in t-channel at small distances does not require physical presence of the 
exchanged mesons. For example, an exchange of quarks between two nucleons (see 



Fig. 20 ) can also provide an exchange of same meson quantum numbers in t-channel 
(see e.g. Refs.fTHl EH])- A quark exchange does not lead to the change of the number 
of antiquarks in the intermediate state. This will remove contradiction with the mea- 
surements of the A-dependence of antiquark distributions, and may have relatively 
weak t dependence in the discussed t-range. Hence a possible solution of the paradox 



18 We use here nucleon radius as given by the axial form factor since this radius does not contain 
contribution of the soft pion fields. Classically one can fit a pion between two nucleons only if 
i~nn > 2r^r + 2rv > 2 fm. 
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maybe the matching of the interaction potential of nearly static pion exchange for 
small t with the quark interchange at larger t. 




Meson Exchange Quark interchange 

Figure 20: Diagrams corresponding to meson and quark exchange mediated NN 
interactions. 

There is another constraint on the model of NN interaction coming from high 
energy behavior of the amplitudes that should match the Regge pole behavior. The 
Reggezation of the meson exchange leads to a strong modification of the energy 
dependence of corresponding amplitudes (A), for example from A oc s for a p-meson 
exchange to A oc s 1//2 for the p-meson Regge trajectory at t = 0. For the pion case the 
difference is very small for t=0, but becomes large with increase of —t. It is interesting 
that the discussed change of energy dependence arises in the dual Veneziano type 
models as a result of strong cancellations between s-channel resonances. An early 
onset of the Regge type behavior at low t limit for two body processes is known as 
Dolen- Horn duality. 

Another set of phenomena characteristic for QCD which is absent in meson theo- 
ries is the fluctuation of interaction strength of the hadrons. In particular, in meson 
models it is hardly possible to generate the characteristic QCD phenomenon of color 
transparency - suppression of interaction strength with nuclear media of those con- 
figurations in hadrons that have constituents occupying a volume much smaller than 



the volume of average hadronic configuration^ The color transparency phenomenon 
is observed in variety of experiments at collision energies ranging from hundred GeV 
[82] to few GeV [83]. In particular, in the coherent process of dijet production by 



19 The dual description of the color screening phenomenon is to represent spatially small quark- 
gluon configuration as a coherent superposition of hadrons |81j . 
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pions off the nuclei: tc + A — > two jets + A the observed ratio of the yields from 
platinum and carbon targets [82J is at least by factor of eight larger than the ratio 
expected from preQCD estimates. 

The same property of QCD is responsible for validity of QCD factorization 
theorem|84] for exclusive processes which is confirmed by data on diffractive elec- 
troproduction of vector mesons at collider energies [85]. 

To summarize, the concept of the pion exchange currents which is popular in low 
energy nuclear physics for processes with low momentum transfer is qualitatively 
consistent with QCD. At the same time preQCD models predict that contribution 
of meson currents should increase with an increase of virtuality which contradicts 
to QCD prediction in which meson currents should decrease with an increase of the 
virtuality. The theoretical approaches in description of SRCs should be consistent 
with this basic property of QCD. 

7 Light-cone description of high energy processes 
involving nucleons and nuclei. 

We discussed in introduction and in Sec. 3 that large Q 2 inclusive A(e, e')X reactions 
probe the light-cone (LC) density matrix and ultimately LC wave function of the 
nucleus. 

Account of relativistic effects should be done in accordance with basic properties 
of QCD. One of the theoretical challenges for the relativistic quantum field theory is 
to separate bound state wave function from the background of vacuum fluctuations 
which are always present within a field theory. 

This can be easily done for LC wave functions of bound state in kinematical do- 
main close to one in which nucleon motion is nonrelativistic. Thus a question arises 
about the possibility of an approximation in which motion of nucleons is treated 
relativistically while no additional degrees of freedom is included - the LC mechanics 
of nuclei. To estimate the relative role of different degrees of freedom in the nuclear 
wave function we use the experimental data on NN interaction and the idea (im- 
plemented in QCD string models) that inelasticities in hadron-hadron collisions are 
related to the production of resonances. Within this picture, in the 1 = channel nu- 
cleon degrees of freedom should dominate up to k 2 /m^ ~ {m^* — mjv) ~ 600 MeV. 
In the channel with isospin T = 1 inelasticities may appear important at a lower 
energy scale: k 2 /m N ~ — m N « 300 MeV. 

These estimates indicate that up to the very large momenta on nuclear scale, 
k < 800 MeV/c for the deuteron and k < 550 MeV/c for heavier nuclei an approx- 
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imation in which only nucleonic degrees of freedom are accounted for the nuclear 
wave function is a legitimate approximation. 



7.1 Light cone quantum mechanics of nuclei 



As it was shown above for rather wide range of internal momenta in the nucleus the 
inelasticities in NN interaction is very small which can be considered as a small pa- 
rameter in the problem. Due to the presence of such small parameter it makes sense 
to consider two nucleon approximation for LC wave function of the deuteron[7] for 
bound nucleon momenta up to 800 MeV/c. Key result in considering two-nucleon sys- 
tem in the light-cone is the existence of a relationship between nonrelativistic (NR) 
and LC equations for two-nucleon wave functions. If nonrelativistic potential de- 
scribes the phase shifts, the same is true for its LC analog. Hence there exists a 
simple approximate relation between LC and NR two nucleon waves functions and 
NN potentials. The proof (rather lengthy) is based on reconstruction of properties 
of NN potential from the Lorentz invariance of on-mass-shell NN amplitudes[10, 86J. 
One finds that the form of the LC potential which enters in the LC equation for 



scattering amplitude (Fig, 21) is strongly constrained by the the angular momentum 
conservation. 




T 



Figure 21: LC equation for NN scattering in two nucleon approximation. 

After introducing irreducible part V (which does not contain two nucleon interme- 
diate state) through the lengthy algebra we obtain relativistic equation for deuteron 
wave function and related equation for two nucleon system with mass M [TUt |8"6"] in 
the following form: 

(4(m 2 + p 2 ) - M$ N )if) = J V(p,p')(l/(2n) 3 )d 3 p'/^/p' 2 + mV(p'), (89) 

where p and p' are three dimensional "internal" momenta of two nucleon system 
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which are related to the LC variables as follows: 

P3 

a = 1 + / 9 i ; and k t = Pt- ( 90 ) 

ym + p 

The relation between kernel V as given by Feynman diagram and potential U which 
enters in the nonrelativistic description of the NN interaction is given by: 

U(pi,p 3 ) = i (91) 



This is the same relation that relates relativistic Feynman diagrams for QED to the 
Coulomb potential. Therefore 

[4(m 2 + p 2 ) - M 2 }/^m 2 +p 2 tfj = f U(p,p')d 3 p /(27r) 3 ^(p). (92) 



This equation has a unique solution provided the self consistency requirement is 
imposed that the equation of Figj2l] generates rotationally invariant iViV scattering 
amplitude which satisfies angular momentum conservation. As a result the deuteron 
wave function in the two nucleon approximation depends only on a single variable, 
k, which is defined as follows: 



^ X W ^ ±A ,-rn^ (93) 
\ a{2 — a) 

and relates in a straightforward way to the nonrelativistic deuteron wave function: 

*f(«,ft) = *fWK + ^ 2 )^ (94) 
To summarize, for two body system in two nucleon approximation the biggest 
difference between nonrelativistic or virtual nucleon approximation and LC is in the 
definition of "internal" momentum of two nucleons. For NR case the "internal" 
momentum corresponds to the relative momentum of two nucleons in the lab, while 



in LC it is defined according to Eq.(93). This results in a qualitatively different 
relation between the wave function and the scattering amplitude for large nucleon 
momenta. 

7.2 Master equation for LC wave function of a many nucleon 
system 

Similarly we can deduce many body equation for LC dynamics in terms of irreducible 
amplitudes of internucleon interactions [86J: 

[(Ee,) 2 -Ml]^fe) = / V{p h p\)8{^p i ) lie ^(£e i )^ (95) 
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where £i = yP 2 + m 2 and Ma is the invariant mass of the eigenstate. 

In the case of ground state for which binding energy is small master equation 
for LC wave function obtains the same form as that given by relativistic theory for 
Schrodinger wave function in cm. in which particle production is neglected: 

" M A ]MPi) = J {V{ Pi ^/2)5{^)^^^a{A). (96) 

Master equation with potential V reproducing Lorentz invariance of on-mass shell 
amplitude [55] allows to account for the angular momentum conservation and to sat- 
isfy the requirement of separability. Account of the angular momentum conservation 
for on-shell amplitudes within LC mechanics requires special many body forces de- 
scribed in [86]. Another pattern how potential V can be chosen consistent with the 
properties of on-mass-shell amplitudes is to explore similarity of LC equations to 
the center mass equation of relativistic noncovariant perturbation theory in which 
antinucleon production is neglected. 

Having master equation and fitting potentials to describe on mass shell ampli- 
tudes it should be feasible to calculate LC wave functions, spectral and decay func- 
tions. It is worth mentioning that due to factorization of LC momentum fraction a 
and recoil energy p R+ (see Sec. 3) the calculation of LC density matrix which enters 
in description of large Q 2 inclusive A(e, e')X processes does not require performing 
a more challenging calculation of the spectral function. The latter is the case in the 
nonrelativistic approach. Calculation of LC spectral function could be simplified by 
the angular condition which implies that the LC spectral function is a function of 
two variables only and by the sum rule relating LC density matrix to the spectral 
function. 

At present, for state of art analysis of many phenomena in high momentum trans- 
fer reactions nonrelativistic wave functions, spectral functions and decay functions 
calculated within nonrelativistic theory of nuclei can be used as basis for building 
LC density matrix as well as LC spectral and decay functions [17]. 

8 Directions for the future studies 

The progress in studies of SRCs described above and challenging problems of QCD as 
well as understanding the implication of SRCs in the dynamics of cold dense nuclear 
matter calls for a systematic studies of reactions described above as well as including 
series of new hard processes. 

Here we briefly outline some possible directions for experimental research both 
for electron and hadron facilities. 
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8.1 Inclusive A(e,e')X reactions 
8.1.1 Probing 2N and 3N SRCs 

We explained in Sec. 3 that high Q 2 inclusive A(e, e')X reactions at x > 1 directly 
probe SRC probabilities. Further progress in this direction will be the study of 
A(e, e')X reactions at much broader range of x and Q 2 . In particular for x ~ 3 it is 
highly desirable to reach at least Q 2 ~ 6 4- 8 GeV 2 . The transition to DIS regime at 
Q 2 > 10 GeV 2 is very interesting. One expects that with an increase of Q 2 the ratios 
at fixed x > 1 should increase since DIS scattering at given x probes LC fractions 
a ~ x + 0.5 [BJ. For example the carbon/deuteron ratio at x=l should increase from 
~ 0.4 to ~ 5. Such regime will corresponds to deep inelastic scattering off superfast 
quarks in nuclei with x > l[T0ll8"T]. The first experimental signal of DIS off superfast 
quarks will be the observation of the onset of Bjorken scaling in the region x > 1. 

The leading twist contribution is expected to dominate at Q 2 > 12 GeV 2 for x=l 
and somewhat larger Q 2 for higher x (the interplay between leading twist and higher 
twist contributions (quasielastic scattering) depends on relative importance of the 
2N and 3N correlations). The x dependence of F 2 a{x > 1, Q 2 ), A > 4 in the scaling 
limit is expected in the few nucleon correlation model [BJ [TO] to be oc exp(— bx) 
with b ~ 8 4 9, leading to a large increase of the F 2 a/F2d ratio between x = 1 



and x = 1.5, see Fig. 22 Experimental attempts to observe such "superfast" 
quarks were inconclusive: the BCDMS collaboration [88J has observed a very small 
x > 1 tail (6 ~ 16), while the CCFR collaboration |89j observed a tail consistent 
with the presence of very significant SRCs (b ~ 8). A possible explanation for the 
inconsistencies is that the resolution in x at x > 1 of the high-energy muon and 
neutrino experiments is relatively poor, causing great difficulties in measuring F 2 a 
which strongly varies with x. The energy resolution, intensity and energy of Jefferson 
Lab at 11 GeV may allow one to study the inset of the scaling regime and thereby 
confirm the existence of superfast quarks. 

8.1.2 Study of isotopic structure of SRCs and the nuclear core in A(e, e')X 
reactions 



If pn correlations dominate in high Q 2 A(e, e')X reactions at x > 1 one expects 
that, 

q3 H (Kx<2,Q 2 ) g 4 „ Ca (l<x<2,Q 2 ) ^ Nj^Ca) 

az He {l< x < 2,Q 2 ) ~ ' a 48Ca (l< x < 2, Q 2 ) ~ N(^Ca) '' 1 1 
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Figure 22: Ratio of the per nucleoli structure functions of carbon and deuteron 
for different Q 2 in the few nucleon and two nucleon correlation approximations in- 
cluding both quasielastic and inelastic contributions. Curves correspond to Q 2 = 
3, 5, 7, 10, 15 and 20 GeV 2 values. 

As we discussed in the text inclusive A(e, e')X reactions at x > 2 and production of 
fast backward nucleons in semi-exclusive reactions presently are the only sources of 
information about 3N SRC. 

The A(e, e')X reactions at x > 2 allow one also to probe the isospin structure of 
3N SRCs. In this process virtual photon is absorbed by a nucleon of 3N SRC with 
large momentum, p iy which is balanced by two nucleons with a relative momentum 
much smaller than momentum characteristic of 2N SRCs. 

If 3N SRC emerges in the nuclear wave function predominantly through the it- 
eration of two nucleon interactions one expects that ppn and nnp correlations to 
have about the same strength considerably exceeding the strengths of ppp and nnn 
correlations. The dominant contribution to the x > 2 region comes from the config- 
urations in which recoiling mass is close to minimal. Our numerical studies with the 
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realistic spectral function for A = 3 nucleon system suggest that in this kinematics 
it is by factor 2^-3 more likely (depending on the nucleon momentum) for a recoil 
pair to be in / = 0, rather than 1=1, state. As a result the ratio 

a, H {2 < x < 3,Q 2 ) _ (T e i(en)(Q 2 ) 
K3 as He (2 <x<3,Q*)~ a el (ep)(Q*) * A ' ^ 

where a e i(eN) is the cross section of elastic electron- nucleon scattering in the kine- 
matics of the A(e, e')X reaction. This should be compared with the expectation of 
R 3 ~ 1 for the scattering off two nucleon correlations. Similarly a strong increase 
of the cross section with the number of neutrons can be expected for scattering off 
different isotopes like calcium. 



8.2 Neutrino processes off nuclei 

Unique advantage of neutrino (antineutrino) initiated processes is in the feasibility to 
probe density of antiquarks within a nucleon and nucleus. Therefore investigation of 
the correlation between y dependence of processes: v + A — > ji + backward proton + 
X and momentum of the backward proton will help to unambiguously establish 
dependence of meson currents on virtuality and nuclear density. 

8.3 Spectral functions 

8.3.1 Probing 2N and 3N correlations 

Further studies of spectral functions at large initial momenta of removed nucleon {pA 
are necessary in kinematics in which rescattering effects are minimized. Generally 
this is the case when produced nucleon has a small transverse momentum and large 
energy relative to the residual system. In this kinematics one can probe both 2N 
and 3N correlations. To enhance the contribution from 3N SRCs one can look for 
the ratio of cross sections of 3 He(e, e'p)X, and 3 He(e, e'n)X reactions in quasielastic 
kinematics in which the recoil invariant mass is sufficiently small to suppress the 
contributions of 2N correlations (such study will be complementary to the study of 
A(e, e')X processes at x > 2 discussed above). 



8.3.2 High excitation energies and possible presence of nonnucleonic 
components in nuclei 

The current meson exchange based models of NN interactions involve iVA and AA 
intermediate states. These states lead to a high momentum component of the nuclear 
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wave function through the NA and AA correlations. The current calculations of 
spectral functions with realistic NN interactions do not treat A-isobar degrees of 
freedom explicitly. On the other hand, if a nucleon is removed at large Q 2 from a AN 
correlation, the typical excitation energy will be of the order of m/\ — mN ~ 300 MeV. 
High values of recoil nucleus excitation energy will be characteristic also for scattering 
off more exotic configurations like six-quarks that are close together - a kneaded quark 
state. In order to observe the evidence for nonnucleon components like A-isobars 
in NA and AA SRCs one needs large Q 2 > 2 3GeV 2 to destroy instantaneously 
these correlations and to suppress the contribution from two step charge exchange 
processes. Note that studying x dependence of these processes may help to estimate 
two step processes as they should be practically the same at x = 1 and away from 
the quasielastic kinematics. 

One can also study a complementary process of knock out of a A-isobar, prefer- 
ably A ++ which cannot be produced in the scattering off a single nucleon in the 
processes like e + iV— >e + A or p + p — > p + A. Similar to the processes discussed 
above we would need high enough energies of the produced A ++ to suppress the 
charge exchange contribution. 

Note that in this case too the study of x dependence of A ++ production rate 
relative to the nucleon rate will allow to separate mechanism of scattering off the 
preexisting A-isobar like configurations from those events associated with A produc- 
tion due to charge exchange rescattering of nucleons. 

8.3.3 Spin structure of 2N correlations 

It is important to measure directly the ratio of the S- and D- wave contributions in 
pn correlations in the momentum range where D-wave dominates. This is possible 
in the scattering off the polarized deuteron in the reaction e + 2 H ^ e + p + n ii 
one chooses parallel kinematics to minimize rescattering effects. In the case of tensor 
polarized deuteron the T 2 o asymmetry is expressed through the ratio of the D- and 
S- wave momentum distributions, w(k)/u(k). This reaction also provides a unique 
way to study relativistic effects which are predicted within light-cone approach to 
be strongly sensitive to the angle between recoil nucleon momentum, p r and the 
reaction axis (q) [6j HP] . Similar investigations are possible using vector polarized 
deuteron target and studying polarization of the interacting nucleon which is also 
expressed through the w(k)/u(k) ratio [H]. Such a measurement was performed in 
Ref. [92j using the reaction e+ 2 H — > e+p+n at Q 2 = .21 GeV 2 for the recoil nucleon 
momenta p s < 350 MeV/c. It would be important to extend these measurements to 
much higher Q 2 and sufficiently large W where dynamics of final state rescatterings 
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is simplified and can be described within GEA. In this case it would be possible to 
cover much larger range of recoil nucleon momenta for a range of angles between q 
and p r for which the FSI is small and can be reliable calculated. 

8.4 Decay functions 

8.4.1 Tests of factorization, mapping pp, pn correlations 

The first studies of decay function described in the review suggest several directions 
for further theoretical investigations. First it is important to find kinematics in which 
final state interaction is minimal. 

Secondly, to identify kinematic conditions for which factorization of the cross 
section into a product of decay function and elementary electron-bound-nucleon cross 
section is justified. Such studies are desirable to perform for both electron scattering 
using range of Q 2 > 1 GeV 2 and for high momentum transfer (anti)proton-nucleus 
scattering. 

Ultimately studies along these lines will allow us to study both pp and pn cor- 
relations for larger range of correlated nucleons momenta in which case one expects 
central forces in NN potential to became dominant or comparable with respect to 
the tensor forces. The onset of this regime could be identified by an increase of the 
pp/pn ratios with an increase of initial momentum of the nucleons in SRC. 

It is also important to establish minimal momenta of the struck nucleon for 
which correlation mechanism is still operational, namely how close it is to the Fermi 
momentum. Remember that for carbon (fcp(C) ~ 220 MeV/c) the correlation is 
clearly seen at k > 300MeV7c while it may be setting in at somewhat smaller k. 

8.4.2 Looking for SRC involving A-isobars 

As we mentioned above the AA like correlations may be present in nuclei. They may 
be manifested in the decay of correlations when a nucleon correlated with A-isobar 
is removed. Hence one needs to look for production of backward isobars in electron 
and proton scattering in high momentum transfer kinematics we discussed. 

Although the yield of A's comparable to that of nucleons is clearly excluded 
by near saturation of decay function by pn and pp SRCs, a yield on the level of 
~ 10% is possible. It is worth noting that this is a scale expected in quark exchange 
models of NN interaction [5J. In addition, there exist data on inclusive production 
of A's in e — "air" scattering at E e = 5 GeV and at large a > 1 which allowed to 
estimate the ratio of A ++ and proton yields for same a of the order 5% (93]. The 
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latter corresponds to the order of 10% high momentum component per nucleon in 
the nuclear ground state wave function due to A-isobars. 

8.4.3 Probing 3N correlations 

The structure of three nucleon SRCs can be explored in the processes like p + A — > 
p' + Pi + N2 + N3 + (A — 3)* in which proton p\ is produced in large angle center 
of mass pp scattering and two nucleons N\ and N2 represent recoiling particles, or 
in analogous processes in pA scattering using the PANDA detector [94]. Similar to 
the case of A(p, 2pn)X processes studied in Ref . [To"} [To] the knock-out proton (pi) in 
this case will have preferentially Oj < 1, leading to recoiling nucleons with a 2 ,3 > 1 
emitted backward. Since such reaction selects (ku) ~ this will correspond to the 
production of "JV2" and "Ay nucleons with back-to-back transverse momenta. Such 
configurations will be significantly enhanced due to 3N SRCs. 

It is worth emphasizing here that this reaction would allow to check the role of 
three-proton SRCs which cannot be easily generated from two nucleon SRCs, and 
which via isospin invariance are connected to three-neutron correlations. The latter 
are important for understanding the equation of state of neutron stars where the role 
of nnn SRCs is expected to be enhanced due to much higher densities involved. 

8.5 Theoretical studies 

At several points in the text we explained that high energy processes require un- 
derstanding of LC structure of nuclear wave functions as well as spectral and decay 
functions. A simple relation between nonrelativistic (or virtual nucleon) and light- 
cone approximations exists only for the two nucleon system. Already for the case 
of the motion of NN pair in a mean field of the nucleus LC and virtual nucleon 
approximations yield significantly different results due to different treatment of the 
recoil system in these approximations. 

It is important to develop further the relativistic approaches to confront them 
with experimental data. In the case of LC approximation the most pressing task is 
to solve the light-cone three-nucleon bound state problem. The relevant equations 
which to a very high accuracy satisfy constrains imposed by rotational invariance 
of on-shell NN amplitudes have been derived in Ref.]86j. Solving numerically these 
equations would allow both to make predictions for various experiments discussed in 
the review and to address a delicate issue of matching LC and nonrelativistic spectral 
functions for three body systems. 

In describing SRCs at very large internal momenta it is important also to develop 
theoretical approaches that describe NN interaction at very small separations. In this 
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respect it is important that recent approaches to derive nucleon-nucleon interaction 
based on Chiral QCD Lagrangian which are justified for small nucleon and pion 
momenta to be matched with theoretical approaches that account for asymptotic 
freedom and color screening of strong interaction. 
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